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1 Introduction

¢KS L9! 1 yySE pn 2PSENIEANY (AZEK @Ft alhORR9yYy SNHE

undertaking an in depth analysis of miggeneration and associated othenergy technologiesThe scope
of activities encompasses:

1 multi-source micrecogeneration systems, polygeneration systems (i.e. integrated heating / cooling

/ power generation systems) and renewable hybrid systems;

1 the integration of micregeneration,energy storage and demand side management technologies at

a local level (integrated systems);

1 customised and optimum control strategies for integrated systems;

1 the analysis of integrated and hybrid systems performance when serving single and multiple

resddences along with small commercial premises; and

1 the analysis of the wider impact of miecgeneration on the power distribution system. To broaden
GKS AYLI OGO 2F GKS ' yySEQA 2dzildzi GKSNB gAff
non-technical stakeholders working in related areas such as housing, product commercialisation

and regulatory development.

In view of the above outlined activities, a number of expected outcomes were:

1 An update on occupant related DHW and electric load profiles.
Component models and their implementation in building simulation tools.
Review of best practice in the operation and control of integrated mgaeration systems.
Predictive control algorithms to maximize the performance and value of Agieneration.
Experimental data sets for the calibration and validation of device models.
Performance assessment methodologies.

Countryspecific studies on the performance of a range of migpeoeration systems.

=A =4 =4 4 =4 -4 =9

the electricity network.

1 An investigation of interactions between technical performance and commercialization/regulatory

approaches for micrgeneration.

1 Compilation of case studies of the introduction of microgeneration technologies.

Annex 54 builds upon the results of Annex 42 "The Simulation of Bulltiegyated Fuel Cell and Other
Cogeneration Systems", and can bewdd as a continuation, extension, update and refinement of the

information, models and findings established there.

Studies of the viability of micrgeneration systems in dédrent operational contexts and of the
impacts of micregeneration on the wider community and the potential benefits, in particular for

(0]



Annex 54 has been divided into three Subtasks to facilitate organizing and classifying its constituent
activities and outputs. In broadnms, Subtask A was Technical Development, Subtask B was Performance
Assessment and Subtask C was Communication and Dissemination. In more detail, Subtask A encompasses
electrical and domestic hot watdoad profiles and system models, methodology for mlodevelopment,

data collection for micrayeneration systems, as well as work on predictive controls development and
optimization. The present report is focused on model development for microgeneration devices used in
residential and small scale appli@ats, microgeneration system design, configuration and optimisation,

new models for balance of plant equipment incorporated into systems for energy storage, as well as
reporting on some recent advances on control strategies and algorithms for deployinggemeration

systems.

1.1 Subtask ATechnical Development

This Subtask will undertake the model development and data collection activities that will underpin the
work of Subtasks B and C, with the emphasis on the optimised operation ofgeneyation systems. This

will require the development of models of combgorary micregeneration devices and controllers to
maximise the energy performance for local and possibly community energy needs in different operational
scenarios.

Work will also involve the specification of boundary conditions for the modelling oforgameration,
especially the establishment of appropriate hot water and electrical demand profiles.

Specific objectives for Subtask A are:

1 The micrecogeneration models (SOFC, PEM, ICE and Stirling Engine) developed in Annex 42 will be
updated with perfornance characteristics from more modern devices. Initially this will be done
using some of the data emerging from the final tests undertaken on mote-date devices.

1 Subtask A will also encompass laboratory tests to acquire new performance data using the
established testing protocol for relevant microgeneration and energy storage devices. The data
emerging from these tests will be used for calibration and validation of existing models.

1 New balance of plant models (i.e. Lithitiom battery storage and ahermallyactivatedcooling
device) will be developed where necessary. A number of studies were undertaken on the system
level, where energy storage has been recognized as a key component.

 To gain a better understanding of the contexts in which microgdaimrasystems can be
energetically and economically viable, Annex 54 aimed to consider models of full residential energy
use systems, which can also include energy storage devices, inputs from renewabies;timnal
grid connection and buildings whiatciude, but not limited to single family residences.

1 To date, the control applied to micimogeneration devices was rudimentary (i.e -aff heat load
following). More advanced controllers tasked with optimising performance for local and energy
network neals and reflecting the potential for incorporating demand side management (DSM) will
be investigated. The control structures, communications protocols and data inputs that could be
used to inform the operation such controllers will be identified througheaiew of related
technologies such as staté-the-art BEMS, smart metering and DSM. Additionally, a review of
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current best practice in micrgeneration will be undertaken to identify effective operation and
control strategies. Potential control vectorgrfinstance: variable electricity tariffs and real time
energy pricing will also be examined.

1 New control algorithms for the optimum operation of single device systems, hybrid {soultce
systems), pohgeneration and systems incorporating storage &M will be developed. The new
algorithms will be expected to optimise performance against both local energy needs and within
the context of wider heat and power networks. The dwelling and device models developed in
Subtask B will be used as the tb&td for this activity.

1 Finally,Annex 54 will measure/collate occupant related electric and hot water demands to assist in
defining load profiles for different operational scenarios as well as to provide an up to date data
inventory of energy demand data froparticipating nations. On this point, the scope of Annex 54
allows for more varied building types than simply single family homes, so load profile data from a
range of different types of buildings were sought at size scales commensurate with
microgeneratbn.

In view of the objective statements derived from the Annex 54 project proposal, reporting is to be
provided ontests which obtaied new and/or updated performance data usiegtablishedesting protocol

for the current generation of micrgeneration ad energy storage devicesThe data used for calibration
and validation of existing modelsiso should servéo reinfordng the use oflIEAprotocols as well as
enabling ready comparison and standarised certification criteria

Keeping apace of emerging residential energy use systems, Annex 54 sought to aewelbplance of
plant models incorporating emerging energy storage devicese{eetrical storage withLithiuAon battery
storage, thermallyactivatedcooling device, dgiccant wheel, phase change material tankigy the same
token, the development of models for energy from renewables gieptovoltaics wind) was undertaken
especially in view of how such units are supported and/or mandated by policy instruments

Microgeneration prime mover technologies have become relatively well known over the past decade.
Aside from simply demonstrating their performance as isolated units, Annex 54 worked togvdetsing

the scope of modeling to consider simulations of complete gpesystems and explore various
configurational scenariog order to provide evidence of the techreconomic benefits associated with
their uptake and implementation. Much of these benefits must be found in contextual details, and Annex
54 included many mjects which developed eaw algorithms which aied to optimise performance
consideringooth local energylemand andthe wider context of heat and power networks.

Linked to all the above was an understanding that system operation is also a key corsidératine
worthiness of microgeneration systems. To this end Annex 54 incorporated new efforts on the
development of control strategies for microgeneration equipment and systems

1.2 Review of Annex 42 Model Format

A primary focus of Subtask B of Annex 42 was the development of cogeneration models for use within
existing wholebuilding simulation programs [1]. The models created by Annex 42 were implemented into
existing tools such as EEPTRNSYS, and EnergyPlimese cogeneration models were used in conjunction
GAGK GKS aAYydzZ GAzy G22f48Q SEA&alGAY3 OFLIoOoAfAGASAE
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electrical systems, etc) to assess the technical, environmental, and economic performance of the
reddential cogeneration technologies.

¢CKS YIFIAY NBIAdANBYSY(d FT2NJ GKS Y2RSta RS@OSt2LISR ¢
accurately predict the thermal and electrical outputs of the residential cogeneration devices as well as to
correctly simuld S G KSANJ AYGiSNI OGA2Yy 6AGK (GKS o6dzAf RAy3IQa
Essentially, this meant that the device models had to be able to interact with the other technical domains

of the building simulation tool on a timstep basis.

Addtionally, the Annex 42 device models needed to be of a form capable of being coupled to models of
associated plant components, such as-hatter storage, peakoad boilers and heaters, circulating pumps
and fans, radiators and diandling units, etc. Thimterconnection of these components was necessary for
aeaitsSvya Y2RSta oKAOK gSNB O2dzLJ SR G2 Y2RSta GKIQ
Typical uses for the component and associated integrated systems models developed include:

w Annualsimulations for quantifying energy consumption and associated carbon emissions.

w Seasonal simulations where the objective is to analyse the performance of a building and systems
over a particular subset of the year.

w Weekly simulations where the operation thfe building and its systems is examined in more detail,
analysing performance characteristics such as on/off cycling, overheating and-hewatarg,
response to significant daily variations in climate, and thermal comfort.

w Systems analysis simulationsvitnich the performance of environmental systems is examined in
fine detail, perhaps examining the transient performance with different operational settings,
different component parameters or component configurations.

Consequently, the Annex 42 cogeneratimodels had to be capable of being used in simulations with
significantly different objectives and operate with tirseps that were on the order of a few seconds to a
few minutes and were suitable for conducting simulations over durations ranging fray agdto a year.

The prime movers receiving most treatment traditionally have been reciprocating engines, normally
internal combustion engines and stirling engines, as well as fuel cells. Detailed examples of cogeneration
models employed for energy usgmalations can be found in [2] and [3].

1.3 Modelling Strategy

The energy and mass flows in ICE eb&#ed cogeneration devices comprise:

w convective and radiant heat release from combustion of fuel in air;

w convective heat transfer with the flow of reactant@product gases, and coolant;
w energy storage in the engine block and other thermally massive components;
W

conductive heat transfer across heat exchangers, and possible latent heat recovery from the
combustion gases;

€

mechanical shaft power produced by thegame, and used by fluidandling equipment; and

10



w St SOGNAROIE LIR2GgSNI LINPRAdzOSR o0& GKS agadsSyQqa | f
drive fluid handling equipment.

During the operation of an ICE or SE cogeneration device, energy is convemegkithermochemical,
thermo-fluid, mechanical and electrical domains. However for the generalized model topology described in
this section, many of the energy exchanges were captured in the performance map, and only those energy
exchanges that interact #ir other balance of plant components were of interest. This modelling approach
therefore aggregated the internal energy exchanges into two empirical correlations that describe the
& @ a i S viend eldcirichlfand thermal efficiencies.

1.3.1Model Topology

Three control volumes are used to model the cogeneration unit dynamic thermal characteristics:

w the energy conversion control volumepresents the engine working fluid, combustion gases and
engine alternator, this control volume feeds information from #mggine unit performance map (in
the form of a heat flux) into the thermal model,

w the thermal mass control volumeepresents the aggregated thermal capacitance associated with
the engine block and the majority of the heat exchanger shells; and

w the cooling vater control volumeepresents the cooling water flowing through the device and the
elements of the heat exchanger in immediate thermal contact.

The energy flows between these control volumes are depictdagri

&
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Fig.1: Combustion cogeneration model control volumes.
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1.4 Model Calibration

Two models for simulating the performance of residensiehle cogeneration devices [1] often serve as
reference models and serve as a basis for comparisons of units and systems. One of these models treats
fuel cell systems while the other treats combustibased systems (Stirling engines and internal
combustion engines).

Previous models for fuel cell syste and combustiom  a SR a&daisSya 6SNB RSOSft 2L
approach, wherein the structure of the model generally corresponded to the basic underlying physical
processes. However, many of the characteristic equations used in the models take theffpamametric

equations describing the relationships between key input and output parameters. One of the models also
features equations that describe timearying characteristics such as dynamic heat exchange. Each of these
parametric equations requireshé input of empirical constants that characterize the performance of
subsystems of specific cogeneration devices. The establishment of these empirical constants is known as
the process of modedalibration

1.4.1Experimental Work and Calibration

The present Anex 54 will make use of the model formats developed previously [1] in order to provide a
common basis for comparison, as well as to facilitate effective and efficient experimental planning. In terms
of existing models a total 13 separate investigationsen@nducted on devices of the following types:

w Solid oxide fuel cell (SOFC);
w Polymer exchange membrane fuel cell (PEMFC);
w Stirling engine (SE);
w Internal combustion engine (ICE);
In some cases these experimental programmes were conducted prior to thelisktabnt of the

experimental protocol, but where possible the protocol was adhered to for the purposes of collecting data
suitable for model calibration purposes.

The scope of Annex 54 is such that basic built environment type models for balance ofylaodgs, or
chilling or cooling operations such as with trigeneration have become highly relevant. Consequently,
experimental characterization of units or equipment in roles beyond that of the microgeneration prime
mover must be modelled in a compatiblesfaon. Device modules for equipment such as thermal storage
tanks, absorption chillers, lithium ion batteries etc are sought so that energy use systems can be simulated
with familiar built environment modelling tools such as ESPPRNSYS, Energy Plusya$i as on other
computational platforms.

1.5 Report Outline

Subtask A will report on some laboratory tests to acquire new and/or updated performance data using
established testing protocol and modelling methods for a number of rgereeration and energy stage
devices. The data emerging from these tests will be used for calibration and validation of existing models.

12



New balance of plant models (i.e. Lithidam battery storage and a thermadpctivatedcooling device) will
be developed where necessary.

New control algorithms for the optimum operation of single device systems, hybrid @saultice systems),
poly-generation and systems incorporating storage and DSM will be developed. The new algorithms will be
expected to optimise performance against bothdbenergy needs and within the context of wider heat

and power networks. The dwelling and device models developed in Subtask B of Annex 42 will be used as
the testbed for this activity.

It will be readily seen that the set of established prime moversrfimro-CHP has not significantly changed

in the past few years, so that the updated focus of the present Annex is more directed at auxiliary system
components for energy storage, aimed at a more optimal system efficiency, as well as investigations on
systemconfigurations and control schemes with a view to overall energy use savings.

This report documents the experimental investigations of residential cogeneration systems conducted
within Annex 54, any ensuing calibration of these device models using tlatae as well as modelling
efforts of expanded scope which consider a diverse number of energy use system configurations, conceived
and optimized in view of regional climatic factors, local energy contexts as well as associated impinging
policy environments

13



2 Model Updates and Technical Progress

What follows is a compilation of material which reports on projects and research undertaken to update and
advance the state of the art of micapgeneration modeling. The material is organized by class of model,
which consist of cogeneration device models encompassing any tests and experiments for model
calibration, balance of plant models and complete system models (balance of plant and generator)
classified according to generator. A separate section is also inchtdbe end describing work on control
systems and logic for microcogeneration systems.

Tablel below summarizes the various devices which were modelled over the course of Annex 54. What
can be seen is that aside from two studies on fuel cells and one on an internal combustion engine, that
seven out of these ten studies were focused on auxiliamyctions of thermal or electrical storage,
dehumidification and a photovoltaic unit. Similarly, balance of plant models were primarily focused on a
system with cooling and thermal storage.

Tablel: Summary of Device Models and Balanof Rant Models covered in Annex 54

Devices Organization

Water¢ Water Heat Pump

Fuel Cell KIER

Photovoltaic Thermal

Air Source Heat Pump Model U Strathclyde
PEM Fuel Cell Model Carleton U
Lithiumrion battery model NRC
Desiccant wheel

U Sannio
Thermal Storage
Variable speed ICE U Marche
Air Source Heat Pump Model 2U Napoli
Balance of Plant
Solar cooling system coupled to a chiller E NEA
Tank storage with phasehange material U Trieste

Table2 continues the summary of Annex 54 activities, showing a list of complete system models developed,
as well as projects where control strategies were investigated for residential energy sydteras be seen

that all manner of systems are being considered as the various conditions which determine their viability
such as energy context, local climate, politically based subsidies, housing characteristics and social factors,

14



all have a real bearg on ultimately what becomes effective as a system. Beyond system design, comes
system operation, and with the growing understanding that a fair amount of customization can be
expected for residential energy systems incorporating microgeneration, atveelgjht out control strategy

or a detailed control algorithm can be a key feature of an economically viable commercial product.

Table2: Summary of Complete System Models and System Control Models reported in Annex 54

CompleteSystems Organization

Solar Thermal Model

Hybrid IC Engine/ HE Furnace uCHP

NRCan
Hybrid IGFurnace
Hybrid Microgeneration System with Electric Vehicles
PV system design approach TU Eindhoven
Microcogenerator based on ICE U Sannio
Systems ICE/boiler/solar thermal TU Munich

Cogeneration system for an ApartmeBuilding based on

DistributedHeat storage technology Japanese Group

Water Heater models for use in ciligvel energy use simulations

High solar concentrator model

Optimal strategies for hybrid systems made up of HCPV and U Marche

CCHP devices

Control Algorithms

Alternative algorithms for dispatching a virtual power plant FE

Control Strategies for Cogeneration systems with Lithiom
batteries NRC

Optimal operation of cogeneration devices for Imbalance
reduction KU Leuven

As will be demonstrated in the sections here which follow, tbepg of components relevant tmodeling
micro CHP systems greatexpanded over term of Annex 54, especially when compared to previous
endeavors in this sector. Thagolution has been in recognition of the requirements for overall energg/
efficiency for residences, and the undensting that variability in climate, political and energy contexts all
contribute to the ultimate configuration of systems. Consequensignificant emphasibas beenplaced

on energy storage, as optimizing efficiency with either a therrdallyor electrcallyled system naturally
leads to situations where the temporal loatemands leads to instances where excesses of heat or
electricity have to be handled. As sutte interplay and compatibility of devices has become an important

15



research topic. In we of this, the subsection 2.4 &ction 2 of this report focuseon control logic and
systems for micra&cogeneration

It has also become evident that the scale of the CHP system is critical in deterrtsirengriomic viability
as suchsingle residencepplications may restrict the benefits of a broademplementation of micre
cogeneration.In addressing questions of scale, a numbesydtems are considered on a community or
shared level, and the logistics and control of such systems are introduchi$ ireport with work done by
the participating group from Japan

The subject of incorporating microogeneration systems into trading schemes via virtual power plants is
also being studied and implemented. Mig@dP is recognized as a contributor to pogeds. In keeping

with currently evolving trends towards a more decentralized distribution grid, the flexibility and
interconnectability, for purposes of trade, power stability and quality, as well as delivery scheduling are all
relevant items associatedgith microgeneration

Theemergence of microgeneratiorand its impact on various local electrical and energy environments, is
reflected by the accompanying large recent increase in activity in governmental policy instruments being
enacted to support doption of these technologies, as well as to regulate their use in the broader energy
context. Extensive ufp-date informationon developments in this area can be found in the Annex 54
NBL2NI FNRY {doidlal / Y Gl /2 WA (INNMHIASH/Sh av SAOA She9 /25F

2.1 Device and Calibration Models

2.1.1Introduction to Korea Institute of Energy Research (KIER) Models

There are three main components which were observed for separate effect tests. All of them are tested
under TRNSYS platform. In this study, the main components employed are Type 668 of water to water heat
pump using manufacture dat@€anmetENERGY eCOGEMRRE and Type 563 of PVT.

Type 668: Water ¢ Water Heat Pump (KIERKorea)

General Description

This component models a singdtage heat pump. The heat pump conditions a one liquid stream by
rejecting energy to (cooling mode) or absorbing energy from (hgatiode) a second. This model is based
on usersupplied data files containing catalog data for the capacity and power draw, based on the entering
load and source temperatures.

Type668 operates in temperature level control much like an actual heat pumpdwainen the user
defined control signal indicates that the unit should be ON in either heating or cooling mode, it operates at
its capacity level until the control signal values changes.
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Nomenclature

Table3: Variable of heat pumpmodel

Variable Unit Description
COP [-] Theheat pump ccefficient of performance in eiher heatingor
cooling mode
Cafeating [kJ/hr] Heat pump heating capacity at current conditions.
CaRooling [kJ/hr] Heat pump cooling capacity at current conditions.
Prons: [kJ/hr] Power drawn by the heat pump in heating mode
gating

B [kJ/hr] Power drawn by the heat pump in cooling mode.

cooling
O b corbed [kJ/hr] Energy absorbed by the heat pump in heating mode.
O, eicond [kJ/hr] Energy rejected by the heat pump in cooling mode

rejecte
Tsource.in [°C] Temperature of liquid entering the source side of the heat pump.
Tsource,out [°C] Temperature of liquid exiting the saurce side of tie heat pump.
Tioad,in [°C] Temperature of liquid entering the load side of the heat pump.
Tioad out [°C] Temperature of liquid exiting the load sde of the heat pump.
. [ka/h] Massflow rate of the liquid on the source side of the heatpump.
Qsource | [kIkg.K] | Specific heabf the liquid on the source sde of the heat pump.
s [ka/h] Massflow rate of the liquid on the load side of the heatpump.
Mjoad [kIJkg.K] | Specificheatof the liquid on the load side of the heat pump.

17




EE fluid flow ﬁi;

evaporator (heating mode)
[ d lin d
1 condensor (cooling mode) 9 outdoors

indoors

- X

pressure reducing
valve

4 condensor (heating mode) 3
I | evaporator (cooling mode) | 1

[§ fluid flow #3

Fig.2: Heat pump schematic
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Detailed Description

A heat pump is a device that transfers energy from a low temperature stoir@édiigher temperature sink.
It differs from a pure refrigeration cycle in that the end result of the application could be either to heat or
cool depending upon the direction that the refrigerant is currently flowing through the systénfkid.2

shows a schematic diagram of a heat pump system.
The numbered points on the diagramcorrespondto the refrigerant states shown on the psychrametric
chart inFig.3.
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Fig.3: A generic heat pump cycle

Type668is not a first principalsmodel but relies instead upon catalog data readily availablefrom heat
pump manufacturers. At the heart othe component are two data files: a file containing cooling
performance data, and a file containing heating performance data. Both data files provide capacityand
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power draw of the heat pump (whetherin heatingor coolingmode) as functions of entering sourcefluid
temperature and enterindoad fluid temperature.

Both datafiles usethe standardformat for TRNSY@&atafilesasoutlinedin Section3.4.2of Vdume 1 ofthe
TRNSYB8ocumentationset. Assuch, Type668is able to interpolate data within the rangeof input values
specifiedin the datafiles. It is, however, not able to extrapolate beyondthe data range and will print a
warning in the TRNSY$ file and sinulation log if conditions fall oside thedatarange.

CoolingPerformance Data

An example cooling performance data file is provided for use with Type668. The file can be found in
\Catalog_DataNWHPsSampléSamp_C.dat. Users creating their own performance data must adhere
closely to the syntax of the sgle file. The values of entering load temperature must all appear (in °C)
separated by spaces on the first line of the data file. The values of entering source temperature must all
appear on the second line of the data file (again in °C and again spéndted). Users may specify more

or fewer values of each of these two independent variables than are shown in the sample file but must also
remember to modify the corresponding PARAMETER in the TRNSYS input file. The values of both cooling
performance measres (capacity in kW and power drawn in kW) and must then appear, each pair on its
own line.

HeatingPerformance Data

The specificationof heating performance data is much the same as for cooling performance data. Two
measuresof heatingperformancemust be providedin the heating performancedata file. Theseare: total

heatingcapacity(in kW), and powerconsumed (also in kW). Type668inearlyinterpolatesbetween heating
performancemeasureshasedon the current valuesof the entering sourcefluid temperature (in °C)and the
entering load luid temperature (in °C).

An example heating performance data file is provided for use with Type668.The file can be found in
.\Catalog Data\WWHR\ Sanple\Samp_H.dat.Users creating their own performance data must again
adhereclosely to the syntax of the sample file. Thevaluesof enteringload temperature must all appear (in
°C)separatedby spacesn the first line of the datafile. Thevaluesof enteringsourcetemperature mustall
appear on the secondline of the datafile (againin °C and againspacedelimited). Usersmay specifymore
or fewer valuesof eachof thesetwo independentvariablesthan are shownin the sample file but mustalso
rememberto modify the correspondingfPARAMETEIR the TRNSY®Biput file. The valuesof both cooling
performance measures(capadty in kW and power drawn in kW) and must then appear, each pair on its
own line.

Heat Pump Performance

The Type668heat pump is equippedwith two control signals,one for heatingand one for cooling. The
model doesnot generatea warningif the usersetsboth control signalso 1. However,heatingmode takes
precedenceovercoolingmode. If the heatingand coolingcontrol signalsare both ON,the model will igrore

the coolingcontrol signal and will goerate in heatingmode.

If the heatpump is determinedto be ONin heatingmode (INPUT6 setto 1), Type668&allsthe TRNSYBata
subroutine with the entering source and load fluid. The Dataroutine acceses the heating perfomance
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datafile (specifiedby the userasa logicalunit number in the input file) andreturnsthe mi O K Ahgaing &
capacityandpower draw. Theheat puY LJZ@Hn heaingis givenby equationl.

Cﬂ'pharzring

COP = (1)

heating

The amount of energy absorbed from the source fluid streaheiting is given by equation 2.

Q.ﬂbsorbad = Cﬂ’phaaring - phaﬂring (2)

The amount of energy rejected by the source fluid stream in cooling is given by equaitioi43

QEE‘SG?"E‘E&'
Tsourca out Tsourcs in s (3)
Ll . C
M cource“Prourcs
T =T _ Capharzring (4)
loadout — *loadin

m!oﬂdcp!orzd

If the heat pump is determined to be ON in cooling mode (INPUT 5 set to 1), Type668 operates in much the
same fashion as in heating mode. It calls the TRNSYS Data subroutine with the entering source and load

fluid. The Data routine now accesses the coofiegiormance data file (specified by the user as a logical
dzy A ydzYoSNI Ay GKS AyLlzi FAES0O FyR NBGdzNya GKS
COP in cooling is given by equati®n

cop = M (5)

cooling

The amount of energy rejected by the sourtiéd stream in cooling is given by equati®mand 7

_ _ Qr‘s}'acrad
Tso urce,out Tso wree,in . I (6)
M epureePeoures
T =T _ Capcoo!z’ng (7)
load,out load,in

m!oﬂdcp!przd

Water-to-water Heat Pump Performance Data

Y I

In heating mode, the coefficient of performance (COP) of heat pump is affected by several factors such as

source temperature, load temperature, and part load ratio, as presentedlTable4 and Fig.4. COP

increases when the source (water inlet) temperature increases, the load temperature decreases, and part

load ratio increases.
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Table4: Water to water heat pump peformance data in heating mode

Total
Source Load Heating Power cop
Temperature| Temperature| Capacity | Consumption
°C) O (kw) (kw)
-3.89 29.44 13.91 4.08 3.41
-1.11 29.44 15.17 4.11 3.69
4.44 29.44 17.45 4.08 4.28
10 29.44 19.79 4.07 4.86
15.56 29.44 22.14 4.19 5.28
21.11 29.44 24.6 4.33 5.68
26.67 29.44 27.32 4.42 6.18
32.22 29.44 30.1 451 6.67
-3.89 35 13.53 4.69 2.88
-1.11 35 14.79 4.69 3.15
4.44 35 17.01 4.66 3.65
10 35 19.3 4.65 4.15
15.56 35 21.58 4.78 4,51
21.11 35 23.98 4.95 4.84
26.67 35 26.65 5.05 5.28
32.22 35 29.37 5.15 5.7
-3.89 43.33 13.21 5.8 2.28
-1.11 43.33 14.29 5.64 2.53
4.44 43.33 16.46 5.61 2.93
10 43.33 18.65 5.6 3.33
15.56 43.33 20.85 5.75 3.63
21.11 43.33 23.19 5.95 3.9
26.67 43.33 25.77 6.07 4.25
32.22 43.33 28.37 6.2 4.58
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Fig.4: GSHP performance at partial load in heating mode

Conversely in cooling mode, COP decreases when the source (water inlet) temperature increases, the load
temperature decreases, and part load ratio increases, as shown this folldabigs and Fig.5.
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Fig.5: GSHP performance at partial load in cooling mode
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Table5: Water to water heat pump performance data in cooling mode

Total
Source Load . Power
Temperatue | Temperature Coolln'g Consumption Col?
Capacity
°C °C kwW kw
4.44 4.44 9.44 1.325 7.13
10 4.44 9.19 1.42 6.47
15.56 4.44 8.96 1.575 5.69
21.11 4.44 8.74 1.72 5.08
26.67 4.44 8.49 1.885 4.5
32.22 4.44 8.21 2.125 3.87
43.33 4.44 7.66 2.74 2.79
4.44 7.22 9.81 1.34 7.32
10 7.22 9.53 1.435 6.64
15.56 7.22 9.3 1.59 5.85
21.11 7.22 9.08 1.74 5.22
26.67 7.22 8.81 1.905 4.63
32.22 7.22 8.52 2.145 3.97
43.33 7.22 7.95 2.765 2.88
4.44 10 10.54 1.35 7.81
10 10 10.25 1.45 7.07
15.56 10 10 1.61 6.21
21.11 10 9.75 1.755 5.56
26.67 10 9.47 1.925 4.92
32.22 10 9.16 2.17 4.22
43.33 10 8.54 2.795 3.05
4.44 12.78 11.2 1.35 8.3
10 12.78 10.95 1.45 7.55
15.56 12.78 10.63 1.61 6.6
21.11 12.78 10.37 1.755 5.91
26.67 12.78 10.07 1.925 5.23
32.22 12.78 9.74 2.17 4.49
43.33 12.78 9.12 2.795 3.26
4.44 15.56 11.83 1.35 8.76
10 15.56 11.49 1.45 7.93
15.56 15.56 11.19 1.61 6.95
21.11 15.56 10.91 1.755 6.21
26.67 15.56 10.59 1.925 55
32.22 15.56 10.31 2.17 4.75
43.33 15.56 9.59 2.795 3.43

Fuel Cell (KIER, South Korea)

It is well known that fuel cell performance is directly related to the nqhiysic processes taking place

within the fuel cell stack. Electrochemical reactions, chemical reactions, mass and charge transport as well
as heat transfer occur all at the sammeé and are tightly coupled. Detailed figtinciple based methods

are useful, but are fairly complex and time consuming to develop. TRNSYS has a PEMFC (Proton Exchange
Membrane Fuel Cell) component model readily available for use. This TRNSYS miapsy imkchanistic,
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with most terms being derived from theory or including coefficients that have a theoretical basis. However,
it does not include a reformer model which can be used to model a FC with natural gas as fuel as the one
installed in Canmet tedacility. In addition, it requires more than 20 inputs including detailed cell and stack
dimensions, hydrogen pressure and flow, heat transfer coefficient for FC stack to ambient, evaporation rate
of process water. These inputs and critical processingiegalare difficult to obtain, as one must
disassemble the unit and install instrumentation inside the fuel cell enclosure which may affect the internal
control algorithms and operations.

It is due to the above reasons that empirit@sed multiple nodinear regression method was chosen to
Y2RSt | FdzSt OStft dzyAtdd® ¢KAA | LIINRIOK KIFa GKS al
in. Although, the proposed approach relies almost entirely on empirical data, it has significant advantage
over the deailed modelling approach due to the simplicity of the model; easy of calibratiorretheted

data collection burdemuring the operation of a fuel cell, energy is converted between thechmmical,
thermo-fluid, mechanical and electrical domains. Howewerthis modelling approach, only those energy
exchanges that interact with other balance of plant components are of interest. It aggregates the internal
SySNHé SEOKFy3ISa Ayidz2z (62 SYLANROI O2NNBf I GA2y:
efficiencies.

The CanmetENERGY eCOGEN laboratory iequiiped for measuring electrical/thermal performance
and exhaust emissions of mie@HP devices. A PEMFC (1 kWe and 1.5 kWth) was installed and
commissioned at the CanmetENERGY eCOGEN laboratorywaQOftanadag]. For testing purposes, the

fuel cell was instrumented to measure performance and emissions. All instrumentation was installed
outside the FC enclosure to ensure that the data collection in no way interfere the FC unit control and
operation.

Testing has been divided into three phases, stestdje testing baseline testing, steady state testing under

a matrix of varying parameters, and transient state performance testing. Currently, some of the-steady
state baselindesting results are availéd. The testing covered the operation range of AC power at\a
750W and 1000VN. Experimental data collected from the system indicate that electrical and thermal
efficiencies are a function of FC electrical power generation, cogeneration water inlpétatare and flow

rate as shown in Equatio®sand9.

h, = f(P,F T )

el el’owr ! Twtr _in
=al+al® P +a2® F +ad3T (8)
=+a4s P +ass F, C+ab3 T, CwaliF, 3T,

hth = f(Pe\’Fer ’thrfin)
=b0+b13 P, +b22 F +b32T, (9)
=+b43 P, 4 b5 F T +b63 T,  C4bTSF, 3T,

where:

Pel¢ Fuel cell DC power seoint, W
Fwtr- Fuel cell cagen water flow, L/min
Twtr_in- Cogen water entering fuel cell, °C
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Further, forfuel cell with internal control of cooling water flow rate, it can be calculated by:

Fwtr = f(Pe\ ’thr in)
i 10
=c0+cl3 P, +c3°T ( )

wtr _in

Once the efficiencies are obtained, the required fuel input energy, fuel flow rate and tigerceooling
water outlet temperature can bdetermined by the following equations:

Pe
Q fuel = he: (11)
Pel (12)
F fuel =
h, 3 LHV
Q, (13)
thr _out = Twlr _in

1
(F ® ———)3r3C,

60 2 1000

And the FC thermal power is calculated by:

ch = hth s Q fuel = hth 8 hel (14)
el
where:
LHV - Fuel low heating value, Jim
Qth - FC thermapower, W
’ - Cogen water density, kg/m
G - Cogen water specific capacity, kd/kg°C

The coefficients obtained by using multiple nrlmear regression method are listed ifiable6, and
comparison between the measured and calculated values are shown in figigrés Fig.8. The electrical

and thermal efficiencies as a function of cogen water inlet temperature at 1 kWe AC power generation are
illustrated inFig.9.

It should be noted that, after the preliminary testing, improvement of the testing rig and instrumentation
were carried out. Further testing at different output power levels anejea water inlet temperatures is
currently underway. The fuedell model will be recalibrated by the new testing data when it becomes
available and will be used in the second round of study. Additionally, constrains introduced by changing of
operating points and operation modes, if any, will be examined and corgiderthe model.
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Table6: Coefficient for fuel cell electrical and thermal efficiencies and-gen water flow rate

Coefficient | Variables Elec;rical)Eﬁi(I:iegcfy The;mal):iffic?egc& ?:%%?L\%qﬁgr
ao, b0, c0 0.4039 0.4429 -0.3617
albl, cl P 1.736 x 14 -4.112 x 14 0.00056256
a2, b2 Foutr -0.2926 2.2681 -
a3, b3, c3 Totr in -0.0035 -0.0034 0.0125
a4, b4 Pei2 -4.059 x 168 -8.996 x 168 -
a5, b5 Fatr2 -0.0468 -0.6021 -
a6, b6 Totr_in2 6.925 x 166 -4.244 X 166 -
a7, b7 For * Twar in 0.005 -0.0179 -

PEMFC Calibration Results and Performance

Based on the empiricdlased multiple nodinear regression method and equations described in previous
section , the natural gas flow ratepgen water outlet temperature and fuel cell thermal power were
calculated for the 1 kWe PEMFC. The calculated results were compared to measured data and are shown in
the following figures.

Experiment 1 (RMSE=0.095slpm, MRE=1.9%, R2=0.99552)
8 T T T T T T T
O Data Points : : : : -7
|- ——Y=X TR SN SRR S SRR SR

Predicted Natural Gas Flow (slpm)
'

0 1 2 3 4 5 6 7 8
Measured Natural Gas Flow (slpm)

Fig.6: Predicted versus measured fuel k@atural gas flow
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Experiment 1 (RMSE=0.5°C, MRE=0.6%)
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Fig.7: Predicted versus measured fuel cell cogen water outlet temperature

Experiment 1 (RMSE=25W, MRE=2%, R?=0.99726)
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(calculated based on cogen water flow and tempeuags)

Fig.9 shows that the efficiency of fuel cell is mainly affected by water inlet temperature. Electrical
efficiency slightly decreases in the range % %o 25C water inlet temperature, whereas in the condition

of above 28C, the electrical efficiency increases up to 40%. On the contrary, thermal efficiency slightly
increases up to 62% in ZD water inlet temperature. On the water inlet temperature of abové@ahe
thermal efficiency will be extremely dropped down to 15%.
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Fig.9: PEMFC efficiency at 1000 We AC power generation

Photovoltaic Thermal (PVTYKIER, South Korea)

PVT has two purposes, first generates electrical power ffdhtells and secondary provides heat to a fluid
passing through tubes located below the absorber pl&ig.10illustrates PVT schematic which consists of
PV celloon the top, following by adhesive substrate layer then absorber plate. Underneath the absorber
plate, there are installed flow tubes to absorb the heat from the plate and transfer it to fluid. The PV cells
are cooled due to the heat transfer to the fluidus the generated power is increased (and so is the PV
electrical efficiency).

Incident Solar Radiation

PV Cells —>

Absorber /

Plate

E Adhesive,

Substrate etc.

(_ Insulation, Collector
Back Material
Flow Tubes

Fig.10: PVT Schematic
¢KS aAYLX Sad ste G2 Y2RSt GKS t+¢ LIyStaqQ StSOGN
method. The efficienciesan be described as a function of solar irradiance as well as the temperature
difference between fluid inlet and ambient based on experiment tests. Referéjeegorted electric and
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thermal performance curves under laboratory test conditions for a PVRdm S dt + ¢ G gAYy é @ | 2
derived thermal efficiency was based on the average fluid temperature through the collector instead of the
inlet fluid temperature. Therefore it is difficult to use it directly to develop a performanee based PVT

model, asterations are required to solve the outlet fluid temperature.

TRNSYS provides three major types of PVT madBjgpe 50, Type 555 and Type 56(mode). All of these
models are largely theoretical based. These TRNSYS PVT models were reviewed under Hdgtiaglar

and Cooling Program, Task 3. [It was reported that Type 50 models contain serious error which limit
their usability. Although modified, more reliable generic PVT models have been produced based on Type 50
by IESSHC Task 35][ problems were acountered during attempts in using them in the present study.
Type 555 (for air collectors only) and Type 56 (mode) models are updated and more reliable versions of the
Type 50 models and they can be adaptedtfoilding integrated systems [5].

Based orthe above extensive search, it was decided to use Type 563 to model PVT panels in Case 6 in this
round of study. The relating efficiency of the PV cell of this model has linear factor with the cell
temperature and incident solar radiation. In additionagsumed that the cells are operated at maximum
power condition. As this PV/T collector model (Type 563) can be connected to thezomdtibuilding

model (Type 56) in TRNSYS, the impact of the collector on heating and cooling loads can be evaluated.
More information and mathematical description of the PVT model are available in TRNSYS ifanual [

The Type 563 model was validated by manufacturer specification and experiment data obtained from [3].
Detailed validation results are described in Appendix.

PVT RNSYS Model (Type 563) Validation

¢tKS tx¢ Y2RSt (GeL)S pco A& GLItARIGSR o6lFlaSR 2y (K
provided by Katicq]. The manufacture collector specification; dimension, maximum electrical and thermal
output of PVTWIN 422otlector is presented imable7. The electrical and thermal outputs are based on
1000 W/nf and 25°C values for irradiance and ambient temperature, respectiviely.11 and Fig.12
present predicated thermal efficiency and DC electrical power output from TRNSYS el &lg8) based

on tested expermental data provided by Katic][6The results show a good agreement between simulated
results and experimental data for electrical energy output with accuracy more than 90%. Moreover, the
output thermal energy performance GFRNSYS model achieves a good agreement with tested data with
error less than 10% for,.y > 0.02. The error increases at low;Value. The main reason for that is due high
thermal uncertainty of the experimental data fof.4/< 0.02, especially when trautlet, inlet and ambient
temperature are became close and this can be happened early in the morning or after sunset. The dash
region inFig.11 presents the operatig condition during the daytime with high thermal accuracy.

Table7:a | ydzF I OG0 dzZNBEQa aLISOATFAOFIGA2Yy 2F tx¢2Lbnunu O

Dimensions | Aperture | Electrical | Thermal
Collectorbox output output
(m) (m%) (W) (W)
1.895*1.895 2.56 295 1535

Table8 and Table9 include the simulated and experimental data used to geneFagell andFig.12.
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Fig.11: Validate thermal efficiency of TRNSYS model with measured data-8B&Task 35).
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Fig.12: Validate PVT electrical power of TRNSModel with measured data(IEASHCTask 35).
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Where

Table8: Simulation and experimental data of thermal efficiency at different inlet temperature

Tred = (-IFn C Tam)/ G
ThA &

Table7:a | ydzF I OG dzZNB Qa aLJ

SOAFAOILIGARZY 27F

Dimensions | Aperture | Electrical | Thermal
Collectorbox output output
(m) (m% (W) (W)
1.895*1.895 2.56 295 1535

TRNSYS model | IEASHC
Tin Tred Efficiency| Efficiency
30 0.00882| 0.625 0.54
40 0.0183| 0.534 0.47
50 0.0277 | 0.439 0.4
60 0.0371 0.34 0.33
70 0.0467 0.237 0.262

iKS YSIy TFtdaAR

TamA @

TnA @

Table9: Simulation and experimental data of DC electrical output power at different irradiance

' YOASYI
G is irradiance (W/R)

Ayt S

TtdaAR

G4 SYLISNI GdzNB

G4 SYLISNI G dzNB
0 SYLIS NI GdzNB

606/ 0

66/ 0

06e/ 0

Power DC (W)

G (W/md) | TRNSYS mode IEASHC
100 17.6 19
200 36.5 42.8
400 77.8 90.4
600 123 138
800 173 185
1000 225 233
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TRNSYS Model (Type 563) Input/ Outfirdarameter

Table10- Table11l: TRNSYS model (type 563) input

Parameter Value Unit

Inlet flow rate 3*60/row | kg/hr
Incidence angle 45 degrees
Collector slope 45 degrees
Top loss convection coefficient| 26 kJ/hr.nf.K
Fluid heat transfer coefficient | 1800 -

Tablel2 show different input/output parameter values used in TRNSYS model (type 563) for validation
study based on provided experimental data by Katic.
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Table10: TRNSYS model (type 563) parameter

Parameter Value | Unit
Collector length 1.6 M

Collector width 1.6 M
Absorber plate thickness 0.001 M

Thermal conductivity of the absorbe| 1400 kJd/hr.m.K
Number of tubes 26 -

Tube diameter 0.0254 | M

Bond width 0.01 M

Bond thickness 0.001 M

Bond thermal conductivity 1386 kJ/hr.m.K
Resistance of substrate material 0.0003 | h.m”.K/kJ
Resistance of back material 5 h.m?.K/kJ
U-value of roof material 0.95 kJ/hr.nf.K
Fluid specific heat 4.19 kJ/kg.K
Reflectance 0.03 Percentage
Emissivity 0.7 Percentage
1st order IAM 0.1 -

PV cell reference temperature 25 C

PV cell reference radiation 3600 kJ/hr.nt

PV efficiency at reference condition| 0.12 Percentage
Efficiency modifier temperature -0.02 1/C
Efficiency modifier radiation 0.0001 | h.m?/kJ

Table11l: TRNSYS model (type 563) input

Parameter Value Unit

Inlet flow rate 3*60/row | kg/hr
Incidence angle 45 degrees
Collector slope 45 degrees
Top loss convection coefficient| 26 kJ/hr.nf.K
Fluid heat transfer coefficient | 1800 -
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Tablel2: TRNSYS model (type 563) output

Temperature at outlet Unit

Flow rate at outlet kg/hr
Useful energy gain kJ/hr

PV power kJ/hr

PV efficiency Percentage
Thermalefficiency Percentage
Collector FR -

Mean PV temperature C

Mean fluid temperature C

Incidence angle modifier -

Collector top lossesconvective | kJ/hr

Collector top lossesradiative kJ/hr

Collector back losses kJ/hr

Absorbed solaradiation kJ/hr

Overall heat loss coefficient kJd/hr.nfK

FRTAN -

FRUL (Heat Transfer Coeff.) | kd/hr.m2K

PVT Helios Type 1I3A235P Modeling Using TRNSYS Type 94a

PVT Helios Type I13A235P was modeled by using TRNSYS Type 94a to verify the manufacture data on its
brochure, as shown dtig.13. It was done under the testing conidibs as presented iablel3.
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Tablel13: Testing conditions of PVT Helios Type I13A235P Using TRNSYS

Parameter Value

Air Mass AML15

Irradiance STC(1000W/ ), NOCT(800W/)
Ambient Temp STC(2% ), NOCT(29)

Electrical Characteristics

Thermal Characteristics

[ woowe ___  oamens |
MODULE 13A214P | BA220P | 13A225P | 13A230P § 13A235P 8 Powwr (P) w_ | s00
Module power (Prmax) wp | 214 o s 230 ns ¥ abensd herwid mi | 1500
Maximum power voltage (Vpmax) v 2893 2014 2064 30.20 072 ¥ convector fid volume (v)
Maximum pawer current (ipmax) A 740 755 7,50 7.62 765 ¥ Prassume (p) bar |2
Opan crcult voltage (Voc) v | 3881 3693 | 3715 | 3728 75l Coolant water and glycole mixture
Short cirault current (lsc) A 7.97 8,06 814 822 330 I {30% Antrogen SOL VP1981
Module eficiency % 13,2 13,5 138 14,1 144 1 0% water)
Colls offciency % | 148 15,1 154 158 161 Grcut type on modile seif draining
Fi factor % | 730 739 744 75,1 158 | Layout Hefos Technology property
Maximam system votage vDC| 1000 1000 1000 1000 1o | o pee mm | 12
Pawer wolerance W/ | oes [ Ole 5 0 5 oes
Meoasurement uncertainty +/- 2% ki
Physical characteristics 990
Longth 1650 £ 1 mm
Wian 990 £ 1 mm
Thickness 38 mm
Frort Glass Low Fe content glass 3.2 mm
Encapsulant EVA (EthyloneVinyl Acotate)
Backsheet Polyester based mult-layer
Frame Anodized Al 6060 T5 - 15 pm
Juncton box Tyco® or Compel® IPES, with 3 by-pass diocdes
Connection cables 1.2 m with two Tyco® or Compel®
soction connectors, 4 mm*
Themnal cotactor A : by Helios T ay
1595 x VS x 1.5 mm

Photovoltaic - thermal system main components

* BA214-235P hybrid module;

« tank for the hot water produced by the system;
« the hydraulic dreuit it transfers the heat from the
module © the tank and from this one 1o the users
(inside collectors flows a never-freezing fuid);
« an electrical circuit, which includes a pump for water and
a temperature control unit, normaly used in solar thhermal field

The simulation testing was done for one panel to observe the effect of voltage to the PV power. The
voltage given was in the range of 1 V to 33 V. The PV power was linearly increased as the voltage was
increased up to 27 V. At that point, it reached theakgower which was 235.5 Watt as shown in the
Fig.14. On the other hand, as written on the brochure, the maximum power should be 235.1 Watt on the

1650

Fig.13: PVT Helios Manufacture Data

standard testing condition (STC) of@5Therefore, there was 0.4 Watt error or 0.17%.
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Fig.14: PVT Helios Characteristics

PVT Efficiency Behavior Testing Using TRNSYS

PVT efficiency behavior was tested using TRNSYS. The PVT chosen was type 560, it was integrated with the

other equipments such as heat exchanger, hot water tank, and additional heater as can be seen in the
following block diagram oRig.15.
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Fig.15: The TRNSYS block diagram of PVT System

The characteristics of PVT were divided into two types which were thermal collector efficiency and PV
power generated affected by inlet water temperature, as shown in Emel16 and Fig.17 respectively.

Fig.16 shows that the thermal effiency has the linear trend which i$0.431x + 0.4445 in terms of {Ti
Ta)/lt, where Ti is the inlet water temperature, Ta is the ambient temperature, and It is the solar radiance.
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From the first curve, it can be concluded that in the same capacity, M\éfages the lower electricity than

the PV. However, PVT has the higher the total efficiency because it also produces the thermal energy.
Moreover, the second curve indicates that if the decrement of inlet temperature causes the power
increment and converdg, the inlet temperature increases as the power decreases.

0.5
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- e, =-10.431x + 0.4445
=
o o3
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©
0.2
£
[
()
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0
0 0.005 0.01 0.015 0.02
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Fig.16: Thermal collector Efficiency Characteristics
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Fig.17: PV Power Generated vs Inlet Water Temperature Curve

The observation of power generation, thermal generation, and total efficiency of PVT is presented in the
Tablel4 and Fig.18 below. Both of them explain that in standard testing condition (STC) if inlet
temperature is low, the performance of either thermal or electricity are higher.

37



Thermal + Power Generation (kW)

35

30

25 -

20 -

15 ~

10

Table14: The charactestics of PVT Efficiency

Inlet Temp P°We'f Thermgl Total
@) Generation| Generation Efficiency
(kW) (kW)
4 5.9 25.8 0.85
5.8 24.8 0.81
12 5.7 23.7 0.78
16 5.6 22.6 0.75
20 5.6 215 0.72
24 5.5 20.4 0.69
28 54 19.2 0.66
32 54 18.1 0.63
36 5.3 17 0.59
40 5.2 15.8 0.56
44 5.1 14.6 0.53
48 5.1 13.5 0.49
52 5 12.3 0.46
56 4.9 111 0.43

0.9

-Thermal -Power °
x generation (kW) generation (kW) Eff L 0.8

4 8 12 16 20 24 28 32 36 40 44 48 52 56
Ambient Temperature ( C)

Fig.18: The characteristics of PVT Efficiency
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Temporary Results of KIER Photovoltgidhermal System Testing

The PVT installed in KIER laboratoiy\i§ Helios Type I13A235Phe PVT tesigin KIERvere divided into

three steps called preesting, testing, and posgesting. Pretesting was to test the photovoltaithermal

system in real experiment by inputtingvd kinds of inlet water temperature (shown ifablel4), then
observing which other parameters are affected, and finally generating the equations of PVT, as shown in
the Fig.19 andFig.20.

The testing step was to validate the equations generated int@s&ng step with manufacture data. If this
validation has the small error, then the next step, ptedting can be done. The pedsting was to use the
validated equations to generate the results without doing the real experinmieaiblel15).

~_ "

6,400—
0.3677 | y =-2.6473x+ 0.4326
0.3067 |

0000 | |
GO0 TS T T T

-0,020 0,000 0,020 0,040 0,060 0,080 0,100 0,120 0,140 0,160 0,180

0200
U, 2uu

[Ti-Ta]/GT

Fig.19: The efficiency characteristics of solar collector

pol S

y =-0,1187x+ 0,0559

0,020 0,000 0,020 0,040 0,060 0,080 0,100 0,120 0,140 0,160 0,180
[Tcm-Tal/GT

Fig.20: The efficiency characteristics of PV
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Tablel5: Test results of KIER PVT

Unit Pre-Testing 1| PreTesting 2 Man;;e:;ture PostTesting
Gr[W/ ] 500 500 1000 1000
Acl ] 1.63 1.63 1.63 1.63
Ti[3] 16.8 26.3 49.5 49.5
T.[3 ] 22.5 20.8 25 25
Tem([3 ] 57.1 58.3 65 65
(T-T)IGr[ °AW] -0.0114 0.011 0.0245 0.0245
(Ter T)/Gr[  °QW] 0.0692 0.0750 0.0400 0.0400
Qe [W] 39 38 235 83

" ov 0.0477 0.0470 0.1442 0.0512
QW] 377 329 500 599
L 0.4628 0.4035 0.3067 0.3677

Additional data can be found in the appendix

2.1.2The Development And Calibration Of An Air Source Heat Pump
Model (University of Strathclyde, UK)

Introduction

In the UK, gas boilers are the predominant energy source for heating in housing, due primarily to the ready
availability of natural gas. The tak® of heat pumps has lagged far behind Europe and North America.
However, with the development of standardsrftow and zerecarbon housing, gas price rises and the
RSLX StiAz2y 2F (GKS !'YQa ylFddz2NIf 3IF& NBASNBSasx AyiS
particularly air source heat pumps (ASHP), have the potential to be a direetaltson replacementor

gas boiler systems in housing.

In this paper, a model of an ASHP for building a simulation tools is described along with a comparison of the
Y2RSt Qa LINBRAOGAZ2YyaAa F3IALAyad FASER GNRFE REGEZ Ay
performance assessment.
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The work outlined here makes a number of contributions: develops an air source heat pump model;
2dzit AySa | AGNIAIKGF2NBINR OFfAONIGA2Yy LINROSaa o
predictions with field trial data.

The malel is described in more detail j8].

Scope of Model

An ASHP device model was developed that could be fully integrated into a larger building and plant model
(described later). From a performance analysis perspective, the main requirement for this model was to
accurately predict the timearying electrical emand and thermal output of the device and its explicit
AYGSNI OlAzy (GKS o0dzAf RAy3IQa Sy@St21L38s GKSNXNIFT LI Iy
predicting the key variables that couple the ASHP device to the other constituents of a bsildirigtion

model, specifically the hot water output temperature and flow rate. Other outputs of interest included the
RSOAOSQa 2LISNIGA2Y L aiGlFddAa o0SPad 2yk2FF O&Of Ay
performance efficiencies, fuel consutign and resulting carbon emissions.

[9] describesa model that fulfilled similar criteria, but that was employed in the modelling of micro
cogeneration devices; this model was adapted for the purposes of this study. The model is best described
a4 WANBE 6KSNB G(KS aidNHzOGdzZNB NBTFtSOGa GKS dzy RSNI &
performance characteristics are approximated using empirichdhved expressions.

on/off return
ambient signal return water from heating
temperatur temperature system
(°C) (°C) (kg/s, °C)
i N
functional Ch V) lumped mass Kag lumped mass
volume volume A volume B

J

l l UA l . l flow
COP power parasitic to heating

consumption (W) heatlosses (W) system
(kg/s, °C)

Fig.21: Diagrammatic representation of theASHP model

The model structure comprises three contralumes as shown iRig.21. The first (functional) volume is
employed to calculate the performance of the ligirant circuit and auxiliary components. The algorithm

underpinning the volume calculates the timvarying COP and the nominal heat outpafj() from the

refrigeration cycle using"2order polynomial functions of the heating systewturn water temperature
and the external ambient temperature differenc81) (Equations 3and16).
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COP (t) = f,(DT) (15)

dj (1) = f,(DT) (16)
Where:

DT =T, (t)- T, (1) a7
and

Qj (1) = Q,, (1) + UA[T, (1) - T, (1)] (18)

With (fm is the heat supplied (W) to the water in the heating circlity,. is the temperature of the water

flowing into volume BT, is the temperature 1C) of volume AyJAis the heat loss coefficient (W/K) to the
environmental temperatureT:).

The total instantaneous electrical demand of the device compreQiC(NV) is calculated as follows:

d.t) = G (19)

COP (t)

The performance map equations were augmented){L9) with algorithms to calculate the defrost status
of the devte and to modulate the return water temperature set point based on outside temperature.

The heat output from equationl@) is passed to a lumpechpacitance volume (volume A) that essentially
represents the thermal capacitance of the device on the refeageside of the condenser. Heat is
transferred between this volume and volume B representing the waide of the condenser. Volume B is
also the connecting point to the heating system. Together, these lumped mass volumes enable the
transient thermal reponse of the device to be encapsulated in the model output. The general form of the
energy balance for these volumes A and B is as follows

For volume A:

dT (t
AC d(t)“ = (1) - UALT, (1) - T, (O] - K [T, (t)- T, ()] (20)
For volume B:
dT (t
M gcy ®. . Fi (1) - UA[T () - T, (O] - K [T, (1) - T, ()] (21)

dt

WhereM; is the mass (kg) of volume A orBjs the temperature 1C) of volume BXgis the heat exchange
coefficient (W/K) between the volumes A and B; afd® is the flow rate of coolant (kg/s) to volume B;
and cis the specific heat of water (J/kgK).

The parameters for the polynomials used in equations 1 and 2 were calibrated using data from laboratory
performance tests conducted on the ASHP; these calibrated equations enable the performance
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characteristics of ta device to be simulated over the range of ambient and flow temperatures experienced
during normal operation. The parameters of the capacitance volumes A and B were calibrated using an
iterative parametric identification technique described 9§ using hgh resolution stardup data from the

field trial data.

A comparison of the predictions of COP from the calibrated model are shown against measured data
(independent of the calibration data set) kilg.22.

+ Experiment ¢ Model
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Fig.22: Calibrated COP characteristics of the ASHP device.

Verification

The ASHP device model was integrated into a larger building and systems model of one of the test houses
developed on the ESPbuilding simulation tooJ10]. The model comprised a detailed representation of the
dwelling, the heat pump and heating distrilbon system. Each individual room was explicitly represented

in the model and the constructions used were identical to those in the actual building. The building model
was also augmented with a zonal airflow model; this calculateéxaihange between theifferent spaces

within the building and between the building and the exterior according to prevailing-dringn pressure
differences and temperature differences. The model was calibrated to give the same external air leakage
rate as that was determineddm a blower door test of the actual building (approximately 0.5 air changes
per hour).

¢tKS KSIFIGAYy3a aeaidSy g¢gka Y2RStfSR Ay RSGFAEZI @KSNE
piping, valves, etc.) and their inteonnections are modelled exgpiily. A comprehensive description of the

basic heating system component models used in this work is givEtOpy

The heating system operating 07:00:00 and 17:022:00 during weekdays and 08:23:00 at weekends.
The assumption was made that the ®m was switched off at night rather than reverting to a set back
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temperature (this is common practice in the UK). For the purposes of the heating system comparison, the
ReSEtftAYy3IQa KSIG 3IFAY LINRPTFAESE 6SNB vy hdlMdat gainsSR (G
SYLX 28SR Ay GKS 'YQa adlyRFENR FaasSaayvyYSyid LINEROSRdN
The integrated ASHP/dwelling model was simulated at a time resolutionnuihdte intervals; this fine

temporal resolution was employed to adequatelgpture the action of control on the operation of the

ASHP (e.g. on/off cycling) and other pertinent operations such as defrost and any overheat shutdowns. This
temporal resolution has been employed by other researchers, notflily who indicated that hgh

resolution modelling was required in order to adequately characterise performance. Finally, as no long
term climate data existed for the Westfield site, the simulations were run with an equivalent Scottish
climate data set that was representative oktfield trial location.

¢tKS Y2RSfQa LINBRAOGAZ2YA F2NJ KSIFG LizYL) LISNF 2NN y O
trials.

Figesa K2ga (KS YianR& th@coefficidhBSoRrpgerdimance (COP) vs. ambient air temperature
against averaged COP data from the field trials; this average relationship was derived from the measured
COP values from the 8 monitored houses and represents typical ASHP perforomaee varying
conditions of occupancy, climate and internal conditions. As the climate and assumed occupancy for the
simulation differed from the exact conditions experienced during the field trials (this data was not captured
in the monitoring data) a t@poral comparison of simulation and monitored results would not be
appropriate. Instead, the comparison looks at whether the range and trend of the COP emerging from the
simulations is similar to the averaged trend from the actual houses: this would fedret the simulation

is providing as a suitable test bed for the device in that the operating conditions and resulting performance
are similar to those encountered in reality.

O COP-simulation ===COP - Westfield Average
4.5

COP

-10 -5 0 5 10 15 20
AmbientTemp (0C)

Fig.23: Ppredicted COP vs Westfield average COP.

44



The initial simulation results clearly diverged from the monitored data at higher ambient air temperatures
(Fig.23). Closer investigation revealed that the temperauwompensation facility on the heat pumps used

in the Westfield houses had not been enabled due to an installer error. Consequently, a further simulation
was conducted with the temperature compensation disabled in the mdeigl24 shows the results from

this simulation. It is evident that the ledensity scatter in the ASHP model output is predominantly above
the average COP line: these points are indicative of flrachic nature of the model and represent periods
when the heating system and building are warming up and where the resulting low heating system flow
and return temperatures produce a temporarily high COP. However, the highest density of points is close to
the average performance line; corresponding with periods in which the heat pump was operating with the
return water temperature close to the set point (45); this demonstrates that the ASHP device in therESP
model is operating in under similar condit®mto those experienced in the actual houses.

O COP - Simulation =—COP - Westfield Average

4.5

o
O
o

15

1

-10 -5 0 5 10 15 20
Ambient Temp (0C)
Fig.24: Predicted COP (no temperature compensation) vs Westfield average COP.
Conclusions

A combination of simulation and field trial data has been used to assess the gmeri@mance of a
domestic ASHP heating system when rdtti®d into social housing in Westfield, Scotland.

A detailed ASHP device model has been developed on the g&form, based on the work dB]. The
model was calibrated using laboratory data ahén integrated into a larger wholbuilding model of one
of the Westfield dwellings.

The predictions of COP from the model were compared to data emerging from the Westfield field trial,
these initially indicated a divergence between monitored and sinealatalues. Investigation revealed
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some shortcomings in the ASHP installation at Westfield, where outside air temperature compensation was
not enabled on the installed units. Adjusting the simulation model to account for this flaw esithtdating
indicated that the model suitably replicated the ASHP operating conditions observed in the field trial.

2.1.3PEM Fuel Cell Model
(Carleton University, Canada)

Prior to this research a fuekll micracogeneration model was developed by Annex 42 members for whole
building performance simulatiofil3]. The thermodynamic and chemical processes within adekl are

not explicitly represented by this model, rather, the model relies on calibration to experimental data. This
model was calibrated with experimentally gatherpdrformance data from a 2.8 kWSOFC bjl14] after

its development. Although the Annex 42 model was developed to also treat PEMFC devices, it was not
calibrated to represent the performance of a PEMFC miogeneration device within the context of
Annex42.

In this researchdocumented in [12]initially attempted to calibrate the Annex 42 fuetll model with new
experimentally gathered performance data from a UWWPEMFC. Due to the limitations of the
performance data that were gathered and to adetplg model the processes specific to the PEMFC that
was studiedwas not possible toalibrate the Annex 42 fuelell model without adapting it first. The various
components of this new model adapted from the Annex 42-tedl model are illustrated ifig.25.

Fuel Consmuption
4—

Air Consumption

PEMFC Stack
-
Heat Losses Net DC Power AC
b Output | Conditioning | Qutput
N Unit —
Recovery Heat

Exchanger
AC Ancillary
Consumption
Thermal
Qutput

Fig.25: PEMFC model derived from Annex 42 model[bg]

Experimental data were gathered to characterize all the of the components shakig.#tb over the range

of boundary conditions that could be independently contrdli&he water temperature entering the
recovery heat exchanger and the AC output). A performance map of data was gathered that spanned water
temperatures of approximately 15°C to 60°C (at 5°C intervals) and AC outputs of 25%, 50%, 75% and 100%
of the maximun electrical output (1 k\AQ to calibrate the model. An adaptation of the performance map

given in[12] is shown inFig.26 to help illustrate the model calibration pcedure and the range of
boundary conditions for which data were gathered.
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The experimentally gathered data illustrated Kig.26 were used to calibrate the thermabutput
component of the PEMFC model. Each marker from the "data gathered from experiments" set represents a
time averaged value from a steadjate experiment that was conducted for approximately 30 (min) where
data were sampled every 6 (s). For the calilin procedure, a function of mixed polynomial and
exponential form was fit to the data gathered from experiments.

The end result of calibration was the derivation of the coefficients and exponents of this function. These
coefficients and exponents arevgn in[12].

The thermal output values that were calculated by using this calibrated function are plott&ig@®@® as
well. By inspection it can be seen that these values calculated from the adapted model fit the data gathered
from experiments well.
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Fig.26: PEMFC heat recovery data and model predictions adapted from Johnson et al. (2013)

Ina procedure analogous to the calibration of the thermal output equation, model equations for the power
conditioning unit efficiency, DC electrical efficiency (relative to the LHV of the fuel), AC ancillary power
consumption, air consumption, and heat lesswere calibrated as we[lL2] also found that the maximum

rate the DC output could be modulated by was 0.6 VIl of these calibrated model equations together
constitute a PEMFC model that is suitable for use with whaitding performance simuten. The
modified form of the Annex 42 model as described in this work has been implemented into thre ESP
simulation program to make this work accessible to other researchers.

2.1.4Lithium-lon Battery Model
(National RresearchCouncil, Canada)

Introduction ¢ Battery Basics

There are several different approaches to battery modeling, each having their own benefits and limitations.
The finite difference approach is the highest level of resolution.
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This approach involves the discretization of the anode, cathodeedectrolyte of a Lion cell. By applying

the laws of conservation of mass, momentum and energy, the diffusion of lithium ions through these
discretized nodes, driven by the chemical potential gradient between the anode and cathode, is modelled.
The modé can be specified in all spatial coordinates and unsteady temporal frames. This approach is
Ot2aSte olFlaSR 2y 5 LA01Qa fl1 g 2F RAFTFAAAZY oM

?: -D-C, (22)

where% is the mass flow rate with respect to time per area, D is a proportionality diffusion coefficient in
area per time, and Js a mass concentration per volume.

The largest advantage to this approach is the ability to accurately capture the true beha%iouto o I G G S N.
internal resistance, essentially its efficiency, by applying different boundary conditions. This includes the
relationship of resistance with current and temperature, other phenomena such as impurities in the
manufacturing process, which mégad to ion concentrations on the electrode surfaces, and realistic long
term battery degradation. Limitations to this approach are the same experienced in conventional
computational fluid dynamics. These include the truncation of higher order terms itorTagries
expansion, etc. Another limitation is the lack of empirical data, specifically in terms of life cycle
degradation, to apply realistic boundary conditions to the model. A drawback limiting an implementation of
such a model in this work is the a@gration of this solver with the rest of a whole building simulation
program such as ESH16]. Examples of this modelling apprch include that of Darcovich [Land the

VRFB work by Ribberink and Wang 18

EquivalentResistiveNetwork Approach

The equialent resistive network approach is the next level of resolution for battery modelling. This model
uses a lumped capacitance approach with state parameters such as DOD and OCV. It characterizes the
internal resistance of a battery which, neglecting mamtifiging impurities, is a function of current and
temperature. Typically, this results in the use of a resisapacitor (RC) network to capture the real
internal resistance component, from constant current draw, and the imaginary impedance component,
from changes in current rates with respect to time, of a battery (Sige27).

i .
r M”\—M
| T OR1C

R2

Fig.27: RC network schematic used in lumped capacitance modetihgiion battery.

This relationship between resistance, current and temperature, whilelmaar, has been approached in
several ways. Some use polynomial fits to empirical datzharge and discharge curves [1%his method
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tends to neglect the comekity of the resistance and still requires significant data and effort to extract the
polynomial coefficients. Others attempt to quantify the value of the equivalent RC network using Nyquist
plots [20, 21]. The limitations to the equivalent resistive netikomodel is the lumped capacitance
assumption. This assumption does not capture realistic occurrences such as battery degradation due to ion
concentrations from impurities in the manufacturing process, and-tengp reduction in battery capacity

from cyclng; although work has been done to include this phenomena as ®ll lts advantage in the
context of this work is that its use of state functions can be integrated withifNESR LJ2 6 SNJ Tt 2 &
with ease.

GaoApproach

Recent work by Gao et a7, has introduced a new approach based on a lumped capacitance assumption

and state variables. This approach uses a reference curve, based on a polynomial curve fit to empirical data,
G2 RSGOSNXYAYS (GKS o6l 0GGSNEQ& 5h5 | & tolderifedsfafichshipsy 2 F
between current and internal resistance, and temperature and internal resistance, this approach simply
a0ltSa GKS NBFSNByOS OdzNBS o6& FFOG2NER RSLISYRAYy3
are measured empiricglland are unique to each battery, making this approach potentially general to all
battery types. Validation by Gao et a22] has shown adequate accuracy using this technique; however,
verification and calibration would be necessary in the implementadiosuch a model.

In analyzing the different battery modelling approaches ahdkie approach by Gao et al. [22ems most
suitable for an application within E$PThe finite difference approach may be the most realistic in
capturing true battery behaviau however, it would require the definition of several quantities and
boundary conditions on the electrochemical level. A model using this approach for a VRFB has been
somewhat implemented in ESH18].

The second approach of lumped capacitance parametethe basis of the approach used by Gao et al.

[22]. Where the Gao approach differs is in capturing the relationship between internal resistance, current
and temperature. In the lumped capacitance approach, the internal resistance and battery capacity is
calculated using long empiricalliy polynomials, with coefficients relating to both current and
temperature. Extracting the coefficients to properly calibrate a battery would be difficult. Calibrating a
model using the Gao approach would only requirgetof charge/discharge curves at various currents and
GSYLISNI Gdz2NBad . & GKAA FNHdzYSyidz GKS DI 2 | LwNE | OK
battery model.

The model chosen for this work is based on a lumpaplacitance approach to evaluatee true voltage of
the battery, given an applied electric load based on the current and temperature. This approach involves
the use of an RC network as showiirig.27.

In an RC network, a portion of the OCV is dropped across a real resistor (labeledriB27n and a
complex resistor/capacitor (labeled R2 and Eim27) before arriving at the load. The OCV as a function of
DOD is expressed as a 5th order polynomial fit to measured data, at a reference temperature:

OCV(DOD) = %5, E; DOD, (23)

49



The real resistor accounts for thresistance due to the magnitude of current and increases linearly with
current. The voltage during discharging is then:

V (t,DOD,I(t)) = OCV(DOD) — I(t)Rim(DOD) (24)

where the OCV is measured in Volts, I(t) is the current in Ampere angl tRe internal resistance in ohms.
This results in &ertical shift of the voltage as a function of DOD curve, equal to the internal resistance
multiplied by the current, as illustrated Fig.28.

An RC network is @l (G2 OF LJidzNB GKS AYLISRIFIYOS 2F Fyeé RS@GAOS
real impedance into a resistive load and its complex impedance into a resistor/capacitor load. The
resistor/capacitor impedance accounts for internal resistances due toggsin current with respect to

time. In general, this impedance captures losses in batteries in a continuous time frame from highly
OGN yaASyid OdNNByGa AYLRASRD® ¢KAA Aa &aAIYAFAOLYG |
current or pover might be required from the battery on the magnitude of seconds or less. Simulations in
ESP occur at discrete timateps in a quassteadystate fashion within the time interval. The battery

current during the timestep is considered uniform and stepsstantly with respect to the next timstep.

Although, in reality this is not strictly true since the load is continuously changing. As such, the impedance
term in Fig.27 is removed in this model formulation. Future work should include exploration into the
complex impedance contribution from aibin battery under changing current with respect to time, if any

exists.
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Fig.28: Transformationof voltage as a function of DOD curve due to an imposed current.

Battery capacity also decreases with increasing current. Where other approaches try to capture this
capacity change using another polynomial fit, Gao et2fl] freats this by measuring thdifference in

battery capacity between the OCV curve and the voltage curve representing the desired current. This is
done at the same reference temperature and is illustrate&im28® ¢ KS h/ + oF GG SN® OF LI
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in Fig.28, is the reference capacity, in Ah (if the voltage is assumed to be nominal over the entire
diskKF NASO® ¢KS OF LI OAGe F2N) G§KS OdzNI 22 definesiafcBrenK A I3 K S
factor, a, as the ratio of these values.

(25)

Battery temperature plays a similar role as current in the transformation of OCV with respect to DOD. For a
charge or discharge at a battery temperature different than the reference, the voltage at the load will be
different than the OCV. Gao et al. [8]foles this simply as a V (T) ($6g.29).
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Fig.29: Transformation of voltage as a function of DOD curve due to a change in temperature.
V(t,T) = OCV(DOD) + V (T) (26)

The battery capacity also increases or decreases with increasing or decreasing temperature from the

reference temperature, respectively. Gao et &2][defines this as a temperature factgf, which is the
ratio of the battery capacity ¢ AG& NBFSNBYOS GSYLISNI GdzNBX aO0éx |

G§SYLISNI GdzZNBEX aR¢ D
f=- (27)

The change in DOD of a cell is the change, in percentage, of its capacity. Thus, the DOD at the end of a time

step of a cell discharging at constant cuntretaking into account effects of current and temperature is
then:
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It
aff Capref

DOD.pg = DODjpia — (28)

where Capy is the referencecapacity of a single cell in s the discharge current in Ampere, and t is the
time-step in s. In charging mode, the second term oa tight side of equatioi28 would be positive. The
OStt Qa Ok il &soivanswith the.amount of cycles the cell has undergone, as previously
discussed. Atthe end of every tirstep, the model will take the absolute value of the change in DD

and add this to the number of cycles already spdiis will be elaborated further.

Implementation in ES# Battery Subroutine

As mentioned, an electric storage model existed in-Eff#or to the current work. It was developed in a
subroutine thatis capable of having additional storage models appended to it. A PbA model, using a
lumpedcapacitance RC approach, and a VRFB, using a basic finite difference approach, exists in this
subroutine [L8]. The Lion battery model developed in this work, usitige approach by Gao et aRk7], is
appended to this subroutine. At each tirséep, the subroutine must calculate if the-ibh battery will

inject or draw electricity into the electrical network node where it is defined, or remain idle.

¢2 RSUSNN¥AYS GKS o0FGGSNEQa O2yiUNROdzGAR2Y I GKS &dz
FtrFr3a G2 TSN FYyR NBONASGAY3I GKS o6 GGSNRBQA AYAGAL
the Lkion model are over/under voltagflags and over/under temperature flags. These flags are part of the
Lrkion BMS to ensure that the voltages and temperatures of the battery remain within safe limits. The initial
state values forthe i 2y Y2 RSt | NB (GKS o0 (G SshdBequent tinfesyepdSthel G dzNB
monitoring flags are rassessed. If the temperature and/or voltage is higher or lower than the allowed
operating range, the appropriate monitoring flag is turned on. These flags are revisited later in the
subroutine. Next, the @broutine retrieves the power demanded from the battery, assigned from outside

the subroutine. If this value is positive, by convention, power is required from the battery, and it is placed

in discharge mode. If the power demanded is negative or zerdhaltery is placed in charge or idle mode,
respectively. In charge mode, the power demanded is made positive for the remainder of the subroutine.

The maximum current that the battery can deliver or receive over the next timestep is then calculated. This
uses an existing subroutine in ESRSE]. This current is limited by the minimum allowable DOD (or voltage)

in charge mode, and the maximum allowable DOD (or voltage) in discharge mode. The subroutine
calculates the current that would reach these chargsdtliarge limits using the following:

Vnax = Vena + (R'mtf} (29)

Vmax = Vem:l + (Rlntjr} len = Vend — (Rlntjr} (30)
where Vs and Vigin are the upper and lower cutoff voltages of the battery iyl is the final voltage of
the battery at the end of the timestep. The end voltageand internal resistance of the battery are

dependent on the current and the final DOD at the end of the t8tep. These values for the PbA and VRFB
models are calculated using specific approaches in existing subroutines. New subroutines, calculsging the

52



values using the approach by Geinal. [23 explained above, have been added to include the function of a
Lkon battery.

The maximum current subroutine uses an iteration technique to converge to a final solution. After the
maximum current for this the step is determined, the corresponding maximum power is found. Again this
takes into account internal resistance and temperature effects in its calculations. The maximum current and
L2 oSN NBE fAYAGA 2y (KS -sepliTheSitdiesed reddér islredeied tolile Sa T
paper by Ribberink and Wang [[1& how this occurs in more detail.

The Liion model then enters its BMS subroutine, developed in this work, to control the battery, and revisit
its flags. Given the present state of thetteay (i.e., DOD and temperature), the external power demanded

or received, and the maximum power/current available, the BMS assesses the appropriate action to take
over the next timestep. This is explained in the BMS flowchart showign30. If the over/under voltage

flags were set, the model calculates the amount of power, in Watts, needed to be discharged/charged in
the next timestep in order to return the battery into a safange using the following equation:

Power; gup = ADOD % (31)

where ADOD is the change in DOD that the battery must go through to return to safe limits. The battery

capacity (accounting for current and temperature), CapgraAd the voltage over the timstep, 1, is a

function of current which is initially unknown. Thus, the current is initialized to zero and the process
iterates until convergence.

Once the power needed to discharge/charge the battery back to its safe limits has been found, the BMS
subroutine decides from where it will come. Frofig.30, if the battery mode coincides with what is
necessary to return to its safe limits, e.qg., if the battery isady in discharge mode and an over voltage
flag is set, the routine will see if the demanded power can be met. For example, if 100 W is demanded from
the battery, and it needs to discharge 50 W to return within a safe range, it can easily do bothnifat ca

still satisfy the demand, excess electricity will be needed for this-fitap. Any surplus or deficit of
electricity needed over a timstep will be met by the electric grid.

If the battery mode does not coincide with what is necessary to rethenbiattery to safe limits, e.g., if the
battery is already in discharge mode and an under voltage flag is set, the battery mode is changed from
discharge to charge. In this case, the maximum current and power requirements -assessed for
charging the httery over the next timestep rather than discharge. The battery will be assigned, in this
case, to charge at the necessary power without exceeding the maximum current and power limits. This case
will always result in an unbalance between the battery po@emanded and the battery power delivered,
ultimately relying on the grid to return to safe limits.
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Fig.30: Battery management system used irribin battery subroutine.
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Implementation of ES# Battery Model for High Capacit§¢hemistries

Micro-cogeneration systems are making inroads for electricity generation at the residential level. The
devices which provide both heat and power, known as the prime mover of the system, include internal
combustion engines, solid oxide fuel selproton exchange membrane fuel cells, or Stirling engines (SESs).
They typically generate less than 15kW of electricity and are located within the household. When producing
electricity alone, micrecogeneration devices yield poor efficiencies, however nhenfigured in systems
which recover thermal energy generated in the electrical conversion process, the efficiency can rise to over
80%, referenced to the higher heating value of the fu&s] [

Annex 42 of the International Energy Agency's Programme arggnConservationin Building and
Community Systems (IEA/ECBCS) was focussed on reducing residential electric demand using micro
cogeneration devices through study with whddailding @mputer simulation software. [J4Among its
conclusions were that enginstart-up times, high operating temperatures, large thermal inertia, and
internal controls preventing high thermal stresses, all contributed to-gutiimal response of micko
cogeneration systems to transient electrical loading. Accommodating these corgditiould assist the
transient performance of residential mickamgeneration systems at times when electricity demand
fluctuates rapidly. Forecasting into the future with high penetration rates of niogeneration devices in
households, it was concludedadt the grid could no longer be viewed as an infinite power storage source.
Thus, power storage technologies will become essential for residential fcogeneration applications.

The succeeding current IEA Annex 54 (wwwairaex54.0rg) is expanding theapeof micrecogeneration
systems to also consider components contributing renewable electricity for the building. The temporal
character of power generation from transient sources does not coincide with that for power consumption,
thus electrical storageapacity is highly necessary for obtaining maximal energy use benefits and the best
economy from these micrgogeneration systems. Storing electricity in a rechargeable battery facilitates a
quick transient response to a varying imposed electric load. Tdsua good solution for smaitale power
generation, and the prospects are promising for scenarios with a large degree of market penetration.

Rechargeable largecale lithium ion batteries with good capacity and cyclability are among the most
promising toices for RES applications. Lithium ion batteries have many characteristics which make them
highly suitable for being the electrical storage components of choice. These characteristics include very
high energy density, good power output, good cycle lifthwa broad cycling range, high coulombic
efficiencies and comparatively low heat outp@5]. For prolonged intensive use, such as a in a micro
cogeneration system, proper control and management of a lithiombattery is crucial to ensure high
capacityretention, as well as to operate the unit in a safe manner.

Current understanding suggests that lithium ion batteries at ratings around a 2 kW/6 kwh level are of a size
suitable for development for residential power supply and storage. It has been shawthty can provide
economic benefit under timef-use pricing structures, as storing energy can reduce peak power demands
as well as offset costly infrastructure upgrades to electrical power grid networks. [3] By simulating lithium
ion battery physics anghemistry, the aim is to help identify microstructural properties and materials
which will respond well to real imposed current loads which have been obtained from recent electrical
profile measurements.Z6] This approach can also help demonstrate adrgtimaterials parameter set as a
target for accompanying material development research to satisfy realistic operating requirements.
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At present some largscale commercial battery energy storage systems (BESS) hawe bodt and
installed. [27 28] For now at the beginning stages of the adoption of these technologies, economies of
scale have not been achieved. Under present conditions, larger BESS systems are more economically viable,
as the associated control equipment represents a significant fractiothefunit cost, and it does not
increase in proportion with battery size. The battery management electronics for smaller storage systems
contributes to their current high cost.

An avenue being pursued to rectify the high cost of BESSs is that of higheitgdattery materials. The
guest for higher energy/power density lithium batteries has led to research on higher voltage cathode
materials to replace the commonly used LiRIMM = Co and Ni) and LiN®4 or even LiMP®olivines (M =

Fe and Mn). Substitutesipinels of the family LiMagM,04 (M = Cr, Ni, Cu, Co, and Fe) exhibit a significant
capacity above 4.5 V.

Laboratories at the National Research Council of Canada have had success in developing several of these
kinds of materials, two of which are explaras examples of how improved battery materials can enhance

RES units integrated into micomgeneration systems. First among these materials is LiBii0.504 or

LINMO, which has a relatively high theoretical capacity of 146.7 mAh/g, almost all of svarcund 4.7 V,

and good cycling capability29]

The second material, lithium nickel cobalt aluminum oxide (L8Sid.15A10.0502 or LINCA) is a leading
candidate for lithiumaion batteries due to its high capacity and durability. The nominal voltag& i¥, and

the material capacity is in the 150 to 180 mAh/g ran@®] NCA is less commonly used in the consumer
market. Its great potential as a cathode material has caught the attention of the automotive industry,
despite safety and cost being curremisearch issues.

Tablel6 presents some cost figures related to materials costs for the three cathode materials considered
here. B1] The LINCA material is significgnmore costly on a weight basis compared to the other two
materials, owing to the high cost of its cobalt component. The cost per unit of current output however is
still higher, but still more or less in line with the other two materials, since the cathegresents only one

part of the total cell cost.

Tablel6: Comparison of material costs for the three cathode formulatiofi31]

material  capacity $/kg $/A

!

mAh/g]
LiMny 0O, 110 16 0.145
LiINCA 180 40  0.222

LiINMO 147 25 0.170

Residential energy use studies typically employ whole building simulation tools such-asoESd®lore
operational scenarios and system configurations in order to provide informed comment and
recommendations for the suitability of their implementatio82]

56



The main theme of this present work is to present some analysis of the performance of @ micr
cogeneration system consisting of a Stirling engine as the combined heat and power (CHP) prime mover,
along with a large lion battery for energy storage and provision, according to the varying temporal
demands of an annual electrical load profile. Thelusion of the battery in the system allows for less
overall draw from the grid, as well as the storage of any temporary excess of electricity for use at a later
time. A further theme is to show that by demonstrating improved battery performance thrsughlating
discharge properties of novel higheapacity cathode materials, the prospects for the viability of such CHP
systems with batteries are much enhanced.

A novel contribution of the present work is to incorporate and scglethe measured fundameal
electrochemical behaviour of a-ioin cell, to produce a new-ion battery pack component module for use
with the ESR software. This new ESEnodule then made it possible to simulate the performance of a Li
ion battery in a micrecogeneration syst® with a SE as prime mover. Cases were explored and evaluated
for two new highcapacity battery chemistries, and compared with the performance of the same system
using the conventional LiND4 battery chemistry.

The objectives of this present research d¢anstated as follows. First, chardescharge curves for LIMNO

and LiNCA batteries for a range of currents up to 1C (ie; a current that would discharge the battery in one
hour) were to be determined experimentally. Parameter estimates could be then nmad®ine of the
electroceramic properties of LINMO and LINCA to allow transport based electrochemical discharge
simulations of these batteries to be run at a broader range of currents required to be representative of real
residential electrical power loadS.hese electrochemical simulations provide anextended set of charge
discharge curves, which will serve as the basis for creating an [E8fry module representing each of
these two novel types of lion battery.

The above framework serves to prepare thexjuired inputs for the comparison of the annual energy
performance of a micr@ogeneration system consisting of a SE with-iarLbattery for electrical storage,
with respect to measured electrical demand profiles, for three cases. The first, is drerreé case which
has a Lion battery with a LiIMBO4 cathode material, and it is then compared to two prospective cases
where the Liion battery is made with either LINMO or LiINCA high capacity cathode materials.

Dual Model Overview

Two different modelingprocedures were employed in this project. The first was a fundamentals based
electrochemical transport model of discharge in a singlericell. L7] Output from a range of currents

from this basic model was collected and condensed into an enginesgfiregempirical model to represent

the function of a Lion battery pack operating as a RES unit in a residential ra@yeneration system. The
engineeringlevel model is based on an equivalent circuit representation of a battery, and is presented in
Sec. 2 (above) in this report. This equivalent circuit model can be used for simulating battery packs of
consisting of multiple cells, and can be interfaced with residential energy use simulations.

The Gao model, described above, was used to model the batigck. The required battery pack was
constructed of small basic cells with a capacity of ABOThese would be in line with LiK®4 18650 cells.

[33]. In terms of battery architecture, the requirement for a pack of 6 kWwh at 120 V called for a
configuraton of 35 inseries sets of 34 cells in parallel, a total of 1190 individual cells.
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Tablel7: Depth of discharge potential range for the cathode materials.

cathode Pnon=o (V)  @nonz (V)
LiMn,O, 4.22 3.15
LiINCA 4.15 2.77
LiINMO 4.72 343

To demonstrate the performance ofibin batteries for residential storageonsidered in this work, a model

of a house was created in EG®r an annual simulation. The layout of the house was basic: a singks
rectangular house located in Ottawa, Canada. The model used typical constructions to represent the
houses walls, gling and floor. It had a floor space of 132 amd a volume of 528 fnThese values were
chosen to represent a typical Canadian single family detached dwel#hg [

A SE (Whisper Tech Ltd. WhisperGen Stirling engine, fuelled by natural gas), représeatatbdel
developed by Ferguson, was used as the miageneration device in the simulatior8g] Weather data

taken for the year 2008 in Ottawa, Ontario, plant configuration used in the simulation is shdvig.34.

The SE was configured to constantly produce 900 W of electricity for the house throughout the year. The
useful heat recovered by the engine was circulated via a pump to dn-aiater heat exchangeiThe air

to- water heat exchanger, driven by a fan, supplied warm air to the household. The pump and the fan
consumed 50 W and 25 W of electricity, respectively.

The household electrical demands were input as combinedddAC and space cooling loads ofiva-
minute basis. Data from a mediulavel energy use house from a Carleton University field data collection
project served as the power use profil6] The battery was inserted into the system to buffer energy
demand and improve efficiency. Under thattery management logic devised for the simulations, if the
combined electricity demand from the household, pump and fan was less than the production from the
stirling engine, the battery would charge with the excess electricity produced. If the SE aaxy lcatuld

not meet the combined electric demand, electricity would be imported from the grid. Likewise, if electricity
production from the stirling engine was greater than the combined electric demand and the battery was
fully charged, the excess elecitic was exported to the grid. Finally, if the thermal demands of the
household exceeded the heat produced by the SE, an auxiliary natural gas burner, not shegB8ln
provided the necessary heat.
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Fig.31: Plant system schematic for application demonstration.

Results and Discussion

A number of scenarios have been explored using the integrated model outlined akglveA number of
benefical effects resulted from the inclusion of a lithium ion battery in a mwwgeneration configuration.

The first example considers the integrated system with the conventionald@¥oathode material. In this

case, the house electrical demand and batteygd over two summer days as depictedFig.32, shows

that the production of the SE during overnight periods was able to satisfy the household power demand
and chargethe battery with its excess electricity production. Over the daytime, the household electricity
demand increased above the production of the SE and the battery began to discharge to help manage the
power load and reduce power draw from the grid. The isido of a RES in a mietogeneration system
reduced the extent of grid interactions with the home.

A similar scenario as presentedRig.32 was next simulated with battery packs of the same size made with
the novel LINCA and the LIMNO cathode materials. It would be expected that the benefits of battery use
with micro-cogenerationwould improve in proportion to the pack capacity. Note that wtitig.32 was
shown as an example of the system behavior, different dates were chosé&mgi88 and Fig.34 where the
demand peaks were shorter and broader, and better illatgrthe differences and benefits of the batteries
with the highercapacity cathode materials and some of the design corrections taken to improve the

performance.
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Fig.32: Household electricity demand, LiM2D4 battery load andbattery DOD over two days of simulation beginning August 4th,

Fig.33 compares the micr@ogeneration performance of same size batteries with the three different
cathode materials. What can be seen here in this initial instance is that the increased capacities of the
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Fig.33: Comparison of household elegtity demand, LiMr204, LINCA and LIMNO battery load and battery DOD over two days
of simulation beginning August 4th, 2008.

Fig.33reveals that an integrated desigf all the equipment in the configuration must be undertaken in
order to attain a more optimal performance with the miecogeneration system. The shortcomings shown

in Fig. 7 arise from a mismatch between the power output from the SE and the batteryitgapa@00W SE
cannot fully recharge the conventional battery nor the higher capacity batteries during theealf
charging periods under the battery management system as provided. The battery load for the two higher
capacity batteries is essentially ideral to that of the conventional battery with a LiM@®4 cathode. There

is still a minor benefit from the higher capacity materials, in that they do not cycle as deeply, and will thus
show a longer service life under the scenarid-imf.33.
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Fig.34: Comparison of household electricity demand, Lil2@4, LINCA and LIMNO battery load and battery DOD over two days
of simulation beginning July 12008. In this case the SE capacity is 1200 W.

A possible adjustment to improve the system performance would be to decrease the size of the battery,

such that the LiIMBO4 battery could be properly charged during the-pfak periods. In preliminary tests

with smaller capacity cells where this does occur, it was still found that the reduced battery pack size leads
to a very rapid battery discharge, including when simulated with the LINCA and LIMNO batteries, despite
their higher capacity.

A number of simple reliminary simulations confirmed that the electrical load required of the battery was
simply too great to be provided by cells ranging from 1.2 kWh up to 6 kWh capacity in the existing micro
cogeneration configuration. In a sense, this was an obvious qoesee, but the point of the exercise was

to check if the higher capacity batteries could offer any advantage in this situation. They did not.

Another approach with the same logic of decreasing the battery capacity ratio to SE power output was
taken for eploring a two day scenario. Here, the system was modified by enlarging the SE. From the year
long data set, the two consecutive days beginning July 19, 2008, were found where the discharge was near
complete at the start of the cycle. Starting from a nkdly discharged state puts the battery capabilities in
higher relief for demonstrating their performances.

A power output of 1200 W was selected for the simulation. This larger SE is capable of providing suffcient
charge to the higher capacity LINCA aildNO batteries, such that some of the peak periods of the daily
demands can be met without reaching a full dept of dischaFgg.35 shows this simulated scenario.&h

other benefit of this configuration is that the higher capacity batteries cycle through a smaller part of their
capacity range, thereby putting less net stress on the battery materials which will serve to extend the useful
lifetime of these batteriesFig.34 shows a month long simulation for the system showrkig.34, where

the depth of discharge is recorded as well as a total number of battery cycles. For the cases of incomplete
cycles, one cycle was calculated on curdeased stoichiometric equivalents the full battery capacity.

It was not the intention of the present project to exhaustively explore a large number of -micro
cogeneration scenarios in order to identify the conditions where the present combination of components
can be operated optimallylhe point to be made is that with the present trend of improvements in battery
materials, the prospects for-ion technology to be used in a RES context are indeed promising. From the
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results of the simulations that are partially depictedrig.35 the LiM204 battery used approximately 800
cycles over the year. If the logrm industry goal of a 10,000 cycle life span can be realized this would
equate to a servicéifetime of more than 12 years3y] For the LIMNO and LiNCA battery chemistries, the
expected service life would be 17 and 18 years respectively.
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Fig.35: Battery pack depth of discharge profiles and cumulative total of dischacgeles over the month of July 2008, based on
micro-cogeneration system with 1200 W Stirling Engine and 1190 cell battery pack.

In a best case scenario, where the all the heat energy provided by the Stirling engine could be used, micro
cogeneration with aithium ion battery under the conditions outlined in [3] can reduce daily power
consumption from the electrical grid by 30% from 61 kWh to 43 kWh, at a cost savings of about
$CAD440/year. Annual cost savings with the same sized batteries under this use scenario with the LINCA
and LIMNO cathodes would be ab&&E€AD750/year an8CAD690/year respectively.

Conclusions

A fundamental transport based model of the function of a lithiiom battery has been used to provide the
necessary inputs to create a battery module based on the Gao equivalent circuit model-inf@SP
residential energy storage. The purpose of this battery simulation module was for the performance
assessment of lge scale storage batteries operating in a micogeneration system, and to show that
making batteries using from novel advanced higipacity battery cathode materials significantly enhance
the economic viability of such systems.

The present study evaluadl annual residential energy use for a typical Canadian home connected to the
electrical grid, equipped with a miciabgeneration system consisting of a Stirling engine for supplying heat
and power, coupled with a nominal 2 kW/6 kWh lithium ion batterye €hergy performance of two novel
battery cathode chemistries,one a new-NICA material, the other a high voltage-ddiped lithium
manganate, were compared in the residential micageneration context with a system equipped with the
presently conventiondliMn204 spineltype battery. It was found that the complex nature of a mylt&ce
micro-cogeneration system benefits to a great extent from usage scenario simulations due to the specific
capacities and outputs of the components. Since the sizes andrpefte of the components are not
continuously scalable, energy use simulation was shown to be an effective means to recommend the
details of system configurations for specific cases. It was also found that the prospect®fotelchnology
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for residentid energy storage are positive, stemming from novel of battery materials advances. Higher
capacity cathode materials such as LIMNO and LiINCA will extend battery pack service lives upwards of 30%,
and will be a key factor in their eventual commercial vighili

Analysis of using large batteries in building environment simulations clearly demonstrate how expected
demands on largacale batteries for residential energy storage assist in sizing and configuring components
for optimal use in micr&ogeneration syiems. Continued materials research and engineering khow
derived from this work will serve to enable the realization of ezf$tctive largescale lithium ion batteries

for residential energy storage.

2.1.5DesiccanWheel Model
(University of Sannio, Italy)

Desiccartbased Air Handling Units, thermally activated by solar collectors or cogenerators, are without any
doubt an interesting alternative for solving problems of electrical es@rsumption in traditional vapour
compression air conditioningThey have several advantages compared to conventional cooling
dehumidification systems. Their use for tertiary and residential buildings is also spreading, especially when
the regeneration of the desiccant can be obtained by using available thermal wastes.

The maincomponent ofDesiccantased Air Handling Units is the desiccant wheel (DM4.a rotor, filled
with desiccant material, used to dehumidify the process air, exploiting the difference in water vapour
pressure between the incoming humid air and the scefaf the desiccant material.

In order to ensure a continuous operation of the system, the DW has to be regenerated by means of a
regeneration air flow, heated up to a suitable temperature (from 60 °C up to 140 °C, depending on the
adsorbent material andhte desired humidity ratio reduction).

ld a! YAOSNARAGE RS3IEA {GdzRA RSt { | ybgsad2Air Handling UnitSy S &
coupled to a natural gafired reciprocating internal combustion engine microcogenerator, an electric
chiller and a natural gadired boiler, is installed.

The DW is filled with silica gel, a desiccant material that can be effectively regenerated at temperatures as
low as 6070 °C. These values are obtainable with the thermal recovery from the MCHP and, only when
necessary, the natural gas boiler. The rotor matrix is composed by alternate layers (smooth and wavy) of
silica gel sheets and metallic silicate, chemically bound into an inorganic fibre frag&6).

Fig.33reveals that an integrated design of all the equipment in the configuration must be undertaken in
order to attain a more optimal performance with the miecogeneration system. The shortcominghown

in Fig. 7 arise from a mismatch between the power output from the SE and the battery capacity. A 900W SE
cannot fully recharge the conventional battery nor the higher capacity batteries during theealf
charging periods under the battery managent system as provided. The battery load for the two higher
capacity batteries is essentially identical to that of the conventional battery with add¥loathode. There

is still a minor benefit from the higher capacity materials, in that they do not @gldeeply, and will thus

show a longer service life under the scenarid-imf.33.
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Fig.36: The silicagel desiccant wheel.

The developmenbf a simple and reliable model for the analysis of a desicbaséd AHU and of its main
components can lead to useful conclusions as regards the effect of the various operating parameters,
namely, regeneration temperature, outdoor air temperature and hdityi ratio. Moreover, such simple
models can be used, e.g., in whdileilding simulation software, in order to estimate annual energy and
environmental performance of desiccabased AHU, thermally activated by different energy sources (solar
energy, thernal wastes).

In particular, the development of a reliable and accurate model for the main component of these systems
the desiccant wheet is a complex task, due to the combined processes of heat and mass transfer, as well
as to the high number dhdependent variables affecting its performance, such as temperature, humidity,
flow rates, rotational velocity, desiccant material and so on.

Model |

Experimental datacollected during several tests [38 40] were used to correlate thermal and
dehumidifiation performances of the wheel, temperature, flow rate and humidity ratio of both inlet
process and outlet regeneration air flows, and regeneration temperature. Experimental results were
further worked out to develop a simple descriptive model, based oactical and reliable correlations
readily applicable for the analysis or the simulation of the silica gel desiccant wheel, to provide a
mechanistic framework for #hinterpretation of the results [41]

To evaluate the performance of the desiccant whéled, following performance parametay SER (Sensible
Energy Ratiod has been analyzed:

proc (tz - tl)
reg (t3 - tl)

r#:tproccp(tz - tl)
I'#regcp(t?: - tl)

SER =

_ Vv
=5 (32)

SER is the ratio between the thermal power due to the process air heating through the wheel and the

regeneration thermal powerr# . and . are mass flow rates of process and regeneration\4ig,and
Voroe @re the corresponding volumetric flow rates, is specific heat at constant pressute,andt, are
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process air temperature upstream and downstream the D regeneration air temperature entering the
desiccant rotor.

High values of SER are unfavorable, as it means a higher increase of the process air temperature through
the wheel and therefore a higin cooling load on the cooling device.

QELISNAYSyYyiGlf 20aSNWIGA2ya adza3asSad GKIFIG {9w SELISN
variable, namely the product of the volumetric flow rates ratio and the regeneration temperature,
according to the fdbwing equation:

kyKs

\4 reg
reg
\4 proc

wheret.q =tz is the regeneration temperature

SER =
(33)

k, +

0O &Q}O
|- O:On

Experimental data has been fitted to the previous equatibig.87), solving the weighted least squares
problem of minimizing the weighted sum of squares of the residuals to find thefibgsirameters by
means of a modified Levenbeyglarquardt algorithm, ad an excellent agreement with the results has
been obtained, as shown iRig.37. Values of kand k, as well as coefficients standard errors and
coefficient ofdetermination R, are reported inTable18.

'MN&&VN%SMkmd@smMmdamHmHMbmamdwd%bmddaammmmﬁR

Vdue Standard error
ki | 3.7804 0.1641
k2 | 13.2044 0.7116
R2| 0.9397
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Model Il

Theoretical existing models for the operation of the main subsysterasdeliccant aiconditioning system

were experimentally calibrated and validated through a wide number of measurements in the typical
summer operating range for these systefdg]. The operation of each subsystem is described by a specific
efficiency facto. In particular, the validity of the assumption for efficiency factors presenting constant
values is experimentally investigateBor each subsystem, the average value of the selected efficiency
factor and standard deviations are calculated. The validitthe assumed models has been confirmed by

the evaluation of the Root Mean Standard Error (RMSE) that compares experimental and simulated values
for each subsystem.

As regards the desiccant wheel, the simplified approach of Macfaines and Banks has been used. This
approach models the dehumidification process, a combined heat and mass transfer process, in analogy
with a simple heat transfer process. Equations fougled heat and mass transfer are reduced to two
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uncoupled differential equations of two independent variables called characteristic poterifjadsid F.
The discussion about the nature of these potentials is quite difficult and it is out of the sctips séction,
but it can be stated that constarf lines coincide with constant enthalpy lines, while constentines
coincide with constant relative humidity lines on the psychrometric chart.

The potential functions depend on thermohygrometric propest of air and on the thermphysical
properties of the wheel, especially the desiccant material. The relations have been expressed for the
working pair airsilica gel, defining the model presented below:

'2865 0.8624
F, = —+ 4344w, /1000 )° (34)
'o¢,+ 2315 ¢

e . t +273.15)"

. -1.127( w, /1000) " (35)
| 6360

The intersection of constant potential lines gives the outlet conditions of process air in the ideal case, i.e.
assuming that both the adsorption and the desorption process are isenthalpical. Then actual outlet

conditions are estimated using two efftiveness indices of the wheét,. and h r, , calculated in analogy
to the efficiency of a heat exchanger:

q. = F1,2 B F1,1 36
e F1,6 - F1,1 ( )
q Fz,z - F2,1
W= (37)

2,6 21

In particular,/7 . represents the degree to which the process approximates the adiabatic one, (ng‘le

represents the degree of dehumidification./tf. =0 and/? , = 1, the dehumidification process is ideal,
i.e. it is adiabatic and there is a maximum dehumidification level for assigned geometry and flow

conditions. If the values of . and h .. are known, then temperature and midity ratio of the processed

2

air exiting the wheel can be evaluated.

Intense laboratory activities provided over 200 hours of experimental data necessary to calibrate and
validate the model presented above. To this aim, the whole data set has beenddimitlgo equal subsets:
the former has been used for the calibration, the latter for the validation of the models.

The present section experimentally investigates the assumption of constant efficiency factors for the above
described models within the raegof operating conditions that cover the available experimental data.

In the model calibration effort, the average value of the selected efficiency factor is calculated, for each test
included in the calibration data subset. The following average valuesffmiency were obtained:

h. =0.207 and /., =0.717 | with standard deviation equal to 0.0460 and 0.0478, respectividig.
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values of standard deviations are rather low, suggesting the plausibility of the constant efficiency
hypothesis.
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Fig.38: Measured and simulated values of process air humidity ratio at the outlet of the desiccant wheel.
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In other papers, the constant efficiency model for a DW is experimentally validated. The obtained values of
effectiveness indices are in agreement with the ones obtained by the authors.

Validation of the model has been carried out by comparing the measured air théygebmetric
properties at the outlet of the component with the corresponding values calculageithe model, while the
remaining thermahygrometric properties that are contained in the model equation are treated as inputs

to the model itself. In fact, according to the efficiency factors determined, the temperature and the
absolute humidity at the otlet of the desiccant wheel can be simulated, under the operating conditions of
the measurements included in the validation data subset. Thus, N pairs of measured and simulated values
of temperature and/or absolute humidity are available, where N denotke number of these
measurements. The validity of the assumed models can be confirmed by the evaluation of the Root Mean
Standard Error (RMSE).

The following values of RMSE were obtained: 1.28 °C and 0.301 g/kg, for temperature and humidity ratio of
proces air at the outlet of the desiccant wheel. Also in this case, the obtained values are in agreement with
those found in literature. Considering the uncertainties of the measuring instruments, it can be stated that
the above results demonstrate the adequaafythe constant efficiency models. The previous analysis is
confirmed by Fig.38. The measured and simulated values for process air humidity ratio exiting the
desiccat wheel are shown, together with the +2.5% and 5% error bands. In parti€ig&8 has been
divided inFig.38aandb in order to improve its readability. In the former, outlet humidity ranges from 4 to

9 g/kg, in the latter from 9 to 13 g/kg. Only few values are outside the +5% error band. The agteem
between measured and simulated values is quite good for both cases.

2.1.6Thermal Storagéodel
(University of Sannio, Italy)

At University of Sannio, a thermal storage system is installed and experimentally tEge39). The buffer

is made of carbon steel, with a capacity of 1000 liters and a net storage volume of 855 liters. It has three
heat exchangers: two of them, placed in the lower and upper part of the stormgecarbon steel heat
exchangers that can interact with external energy conversion device; the third one, that extends along the
entire height of the storage, is a stainless steel corrugated coil heat exchanger for domestic hot water
& LINZ2 R dzO (i & engrgycdonversidnkiavidé can directly interacts in open circuit with the fluid stored in
the tank.[43, 44]

The tank is insulated with a layer of polyurethane with a thickness of 100 mm and a thermal conductivity
equal to 0.038 W/mK.

The model used to siulate the described storage tank ig/fie 60, which represents the most detailed
model available in TRNSYS to simulate a stratified thermal storage. The thermal performance of a water
filled sensible energy storage tank, subject to thermal stratificatisnmodeled by assuming that the tank
consists of N fullynixed equal volume segments, for each of them a uniform temperature is considered.
The degree of stratification is determined by the value of N. If N is equal to 1, the storage tank is modeled
as afully-mixed tank and no stratification effects are possible.
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Options of fixed or variable inlets, unequal size nodes, temperature dead band on heater thermostats,
incremental loss coefficients, internal submersed heat exchangerscinomar tanks, horontal tanks, and
losses to the flue of a gas auxiliary heater are all available.

By means of experimental analysis conducted in the test facility of University of Sannio, it was possible to
experimentally calibrate and validate the tank model.

The modelparameters have been set to take into account the three internal heat exchangers, as well as
two inlets and two outlets of the stored fluid. 50 nodes were considered to model thermal stratification.

11 ‘
PR ——

Fig.39: the layout of thethermal storage

The energy balance for the generic node of the stordgg.40), neglecting optional internal gas (flue in
Fig.40) and electric (aux iRig.40) heaters, can be written as:

)dTi (k + DK)A_,

(Micp = (Ti+1' Ti)+
dt DXi+1- i
k + Dk )A_.
+ ( ) — (Ti-l- T|)+(U tank+DUi)Asi(Tenv- Ti)+
Dx '

i-1- i
+HC T - e T - (38)

down

down CpTi - I‘#upCpTHl
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where:
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LJtank
DU

Tenv

down

is the tank fluid thermal conductivity [W/mK]

is the destratification conductivity [W/mK]

isthecrosét SOGA 2yt NPl 2F y2RS dAé¢ @Y
isthesuF  OS | NBF 2F y2RS aié oY

is the tank fluid specific heat [kJ/kgK]

Ada GKS YlIaa 2F y2RS aAé¢ wl 36

is the time [s]

_isthe centeto-OSY i SNJ RAalGl yOS 060Si6SSy y2RS aAé¢ IyR (KS
isthecenteto-OSY 1 SNJ RA &Gl yOS 0 S0 Sy Iyo2RES GMiE wdYWBR (KS

Ad GKS GSYLISNI GdINB 2F y2RS daAé wY8

Ad GKS GSYLISNI GdINB 2F y2RS da4AbmMé YB

isthe tempel ( dzZNBE 2M¢ YARE da A

is the loss coefficient per unit area of the storage tank [\Mﬂn

Ad GKS FTRRAGAZ2YIE f25% O2STTFAOASYUG TFT2NIy2RS GAé
is the ambient temperature [K]

is thefluid flow rate down the tank [kg/s]
is the fluid flow rate up the tank [kg/s]
is the overall heat transfer coefficient of the heat exchanger [W/K]

is the logarithmic meatemperature difference of the heat exchanger [K]

is the mass flow rate entering at inlet 1 [kg/s]
is the temperature at inlet 1 [K]

is the mass flow rate entering at inlefi&y/s]

is the temperature at inlet 2 [K]

is the mass flow rate leaving at outlet 1 [kg/s]

is the mass flow rate leaving at outlet 2 [kg/s]

To model destratification dueto mixing at node interfaces and conduction along the tank wall, the user
may enter an additional conductivity parametpk. This additional conductivity term is added to the
conductivity of the tank fluid and is applied to all nodes.

Furthermore,

in manycircumstances, the tank may not be uniformly insulated. It is possible to

incrementally insulate certain nodes stratified storage tanks by the specification of the additional loss
O2STFTAOASYLHU F2NJ y2RS aAée 6
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Fig.40: Energy flows for the generic node of the thermal storage

In Tablel9, the main parameters used to model the storage tank are listed.

Theparameters related to height of flow inlet and outlet in the storage tank and the heat exchangers do
not refer to the height above ground, but to the height above the bottom of the tank, that have a basis of
0.0375 m. Furthermore, it has been assumed thatfluid in the lower heat exchanger (HXis water, as it
interacts with a MCHP system, while the fluid in the upper heat exchangeR)(litXa wateiPropylene
Glycol mixture, as it interacts with solar collectors

Experimental data acquired with diffeme plant configurations, in terms of energy conversion devices
supplying thermal energy to the storage tank and thermal users drawing thermal energy from the storage
tank, were compared with the data resulting from the corresponding simulation. The caupasi carried

out between the temperatures measured by the seven immersion sensors installed in the tank, and the
temperatures of the nodes of the model located at the same height of the sensors.
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Tablel9: Parameters for theype 60

Parameter Value| Units Description
Tank volume 855 I The actual volume of the storage tank.
Tank height 2.04 m The height of the storage tank.
Telght of flow inlet 1.33 m The height of the first inlet above the bottom of the tank
Height offlow 504 m The height of the first outlet from the storage tank abov
outlet 1 ' the bottom of the tank.
Height of flow inlet 176 m The height of the second inlet to the staorage tank abo
2 ' the bottom of the tank.
Height of flow 0.36 m Theheight of the 2nd outlet from the storage tank above
outlet 2 ' the bottom of the tank.
Fluid specific heat | 4.19 | ki/kgK t‘l;;]ispemflc heat of the fluid contained in the storage
Fluid density 1000 | kg/m® | The density of the fluid contained in the storage tank.
Tank loss coefficien 0.405| W/m?K | The average tank loss coefficient per unit area.
Fluid thgr_mal 0580 W/mK The thermal conductivity of the fluid contained in the
conductivity storage tank.
De-stratification To modelde-stratification due to mixing at node
. 0.285| W/mK | interfaces and conduction along the tank wall, the user
conductivity . " .
may enter this additional conductivity parameter.
Boiling temperature| 127 oC The boiling point temperature of the fluid contained in tl
storage tank.
Numberof internal The number of internal heat exchangers that are
3 - : "
heat exchangers contained within the storage tank.
e The fluid contained in the first internal heat exchanger:
HX Fluid indicatet 1 -
1=Water; 2=Propylene Glycol; 3=Ethylene Glycol.
Fractionof glycotl 0 i The fraction of glycol contained in the internal heat
exchanger fluid by volume.
Heat exchanger The inside diameter of the pipe comprising the internal
. . 0.029| m
inside diameterl heat exchanger.
Heat exchanger The outside diameter of the pipe comprising the interng
) . 0.032] m
outside diameterl heat exchanger.
Heat exchanger fin 0032 m The diameter of the fins on the outside pipe surface of {

diameterl

internal heat exchanger.
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Table20: Parameters for the typd&0

Parameter Value | Units Description
Total surface area of 31 2 The total outside surface area of the internal hea
heat exchangef ' exchanger.
The total length of internal heat exchanger pipe
Heat exchanger length | 30.85 m immersed within thestorage tank fluid.
Heat exchanger wall The conductivity of the heat exchanger wall
- 45 W/mK | . . ) .
conductivity1 including any applicable contact resistance.
Heat exchanger materia The thermal conductivity of the material which
o 45 W/mK . .
conductivity1 comprises the internal heat exchanger.
Height of heat The height above the bottom of the storage tank
: 0.85 m . :
exchanger inletl the inlet of the internal heat exchanger.
Height of heat The height of the outlet of the interndleat
g 0.25 m | exchanger from the tank above the bottom of the
exchanger outletl
storage tank.
The fluid contained in the first internal heat
HX Fluid indicatot2 2 - exchanger:
1=Water; 2=Propylene Glycol; 3=Ethylene Glyco
Fraction of glyce® 033 ) The fraction of glycatontained in the internal heat
exchanger fluid by volume.
Heat exchanger inside The inside diameter of the pipe comprising the
) 0.029 m | .
diameter2 internal heat exchanger.
Heat exchanger outside The outside diameter of the pipgomprising the
) 0.032 m | .
diameter2 internal heat exchanger.
Heat exchanger fin The diameter of the fins on the outside pipe
) 0.032 m :
diameter-2 surface of the internal heat exchanger.
Total surface area of o5 2 The total outside surface area of th@ernal heat
heat exchangel ' exchanger.
The total length of internal heat exchanger pipe
Heat exchanger lengit | 24.88 m immersed within the storage tank fluid.
Heat exchanger wall The conductivity of the heat exchanger wall
e 45 W/mK | . ) . )
conducitivity-2 including any appleble contact resistance.
Heat exchanger materia The thermal conductivity of the material which
- 45 W/mK . :
conductivity-2 comprises the internal heat exchanger.
Height of heat The height above the bottom of the storage tank
) 1.54 m . :
exchanger inleR the inlet of the internal heat exchanger.
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Table21: Parameters for the type 60

Parameter Value | Units Description

The height of the outlet of the internal heat
1.08 m | exchanger from the tank above thmttom of the
storage tank.

Height of heat
exchanger outleR

The fluid contained in the first internal heat
HX Fluid indicatof3 1 - exchanger:
1=Water; 2=Propylene Glycol; 3=Ethylene Glyco

The fraction of glycol contained in the internal he

Fraction of glyce8 0 " | exchangefluid by volume.
Heat exchanger inside The inside diameter of the pipe comprising the

) 0.0254 m .
diameter3 internal heat exchanger.
Heat exchanger outside The outside diameter of the pipe comprising the

) 0.0381 m .
diameter3 internal heat exchanger.
Heatexchanger fin The diameter of the fins on the outside pipe

. 0.0381 m :
diameter-3 surface of the internal heat exchanger.
Total surface area of > | The total outside surface area of the internal hea

7.8 m
heat exchangeB exchanger.
The total length of internal heat exchanger pipe
Heat exchanger lengid 61 M| immersed within the storage tank fluid.
Heat exchanger wall The conductivity of the heat exchanger wall
- 16 W/mK | . ) ) .

conducitivity-3 including any applicable contact resistance.

Heat exchanger materia The thermal conductivity of the material which
o 16 W/mK . :
conductivity3 comprises the internal heat exchanger.

Height of heat 015 m The height above the bottom of the storage tank
exchanger inle8 ' the inlet of the internal heat exchanger.

The height of the outlet of the internal heat
1.6 m | exchanger from the tank above the bottom of the
storage tank.

Height ofheat
exchanger outleB

Height of each node 0.0408 m | The height of the node.

Table22 shows the RMSE and the maximum values of the absolute and relative error for the seven sensors
installed.
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Table22: Values of RMSE and the maximum absolute aethtive error

Sensor | Sensor | Sensor| Sensor| Sensor| Sensor| Sensor
1 2 3 4 5 6 7
RMSE [°C] 2.81 2.60 2.58 0.372 2.06 1.92 0.746
Max relative error [%] | 8.72 7.36 6.81 2.11 5.90 5.19 2.74
Max absolute error [°C| 3.96 3.37 3.11 1.01 2.73 2.41 1.30

Toreduce the errors shown in Tab. 2, the TRNSYS optimization tool GenOpt has been used. The selected
variables to be varied in order to minimize the objective function are the actual tank voMyrend the

Nusselt constant@ for the lower heat exchangeihe latter is an input of the model, not a parameter,
therefore it has not been listed imablel9. For the results offable22, the default value ofc has been

used.

The optimization process provide as results:

C=0.359
V=9741.

The validation of the tank storage model has been repeated with these new valuesx cfetbcted
variables. The results are shownTiable23.

Table23: Values of RMSE and the maximum absolute and relative error after the opt@in process

Sensor| Sensor| Sensor| Sensor| Sensor| Sensor| Sensor
1 2 3 4 5 6 7
RMSE [°C] 0.628 | 0.513 | 0.404 2.04 0.284 | 0.446 1.65
Max relative error [%] | 4.72 2.97 2.16 0.64 1.12 1.18 0.26
Max absolute error [°C| 2.29 1.44 1.05 0.325 | 0.548 | 0.581 | 0.131

As seen, an overall reduction of the errors has been achieved and now the results can be considered
acceptable to implement the model in whelriilding simulation software.

2.1.7Model of Variable SoeedInternal Combustion Engine
(Universita Politecnica dell®darche, Italy )

The ICE has been simulated in Matlab/Simulink environment by describing all the subsystems which
compose the ICE, such as the engine shaft, the engine and the heat exch&igédd.(45]

The key assumption was that the therrflaid-dynamic processes of the engine are much faster than the
change rate in thermodynamic boundary conditions. Thus the ICE has been modelled asstatjoasiry
machine andhe ICE performances are simulated on the basis of two-lgpkables defined according to
the engine performance maps provided by the manufacturer.
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A 28 kW, ICE has been modelled, whose main technical parameters are shdvableR4.
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Fig.41: Engine subsystem

Table24: Technical parameters of ICE under analysis

Parameter VALUE
Maximum rated electric output 28 KWy
Maximum rated power output 58 kWi,
Minimum electric power 6 KWe
Minimum thermal power 18 kWi
Electrical efficiency 28.5%

A control model was developed for both thermal and electrical priority mode. In the electric priority mode
a speed regulatoprovides for the desired electric power output by the system. The regulator is based on
an optimization table that, for any given power, helps the system choose the speed ensuring the greatest
electric efkiency. Examples of the effect of speed optimimatbn electric gitiency are shown ifable25.

Electric efciency gains can be obtained with the variable speed unit (compared with the constant speed
machine at 300 rpm), the lower the electric power setting the greater the gain.
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Table25: Effect of speed optimization on electric efficiency

Electric Power Electric efficiency Percent variation
[kW] [%] [%6]
Constant speed Variable speed

operation (3000 rpm operation

28 0.285 0.285 0.0
26 0.280 0.286 2.1
24 0.273 0.286 4.8
22 0.269 0.281 4.5
20 0.261 0.279 6.9
18 0.253 0.273 7.9
16 0.239 0.272 13.8
14 0.227 0.268 18.1
12 0.211 0.258 22.3
10 0.198 0.256 29.3
8 0.171 0.241 40.9

0.147 0.217 47.6

Typical applications, a 1at apartment building for the residential sector, and atks and a hotel for the

service sector, were chosen as test cases and the results discussed in terms of energy performances and of
profitability. The technicateconomic analysis showed that good energy and economic performances
compared with a separate generation system can be achieved both in household and in hotel applications,
especially with variable speed operation. In contrast, aryfcefipplication would be scarcely paable,

since savings would be achieved only in the winter and would be too low to allow an economic return on
the investment in a reasonable time. The possibility of regulating the rotational speed of the engine
enhances rergy performances, and although it entails a higher initial investment, the variable speed

concept shortens the payback period and increase&isto
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2.1.8Empirical Calibration and Validation of the Annex 42 Combustion
Cogeneration Model (Seconda Universitagli Studi di Napoli

Italy)

Introduction

The current section treats the empirical calibration and validation of the Annex 42 combustion
cogeneration model 46, 47] based on the experiments performed at the Built Environment Control

Laboratory of the Secala Universita degli studi di Napoli (ltaly). The experimental programme
documented in 48, 49] consisted of a series of experiments with varied and controlled boundary
conditions.

The tests were performed on a reciprocating internal combustion ergass micro-cogeneration device
commercialized by AISIN SEIKI compafy, faelled by natural gas, and characterized by 6.0 kW as the
nominal electrical output and 11.7 kW as the nominal thermal output.

The experiments yielded data that were used to calibrite model to represent the performance of this
specific device. Simulations s produced with the TRNSY S][&fiplementation of the model using the
calibrated inputs were compared with the measurements taken during the empirical validation tests.

The combustion cogeneration model was calibrated and validated using these experimental data during
'l YYSE pnQa 62Nl Ay3 LKI&aSo

Experimental setup

A schematic diagram of the test apparatus of the Built Environment Control Laboratory detailing
instrumentation components is shown ifrig.42. The experimental set up is located in Frignano, a
municipality in the Province of Casertdbgait 20 km far from Naples)Additional cetails about the test
apparatus can be found in [48, 49, 52].
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Fig.42: Scheme of experimental apparatus
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The micrecogeneraion under investigatioris the modelGECC60A2 NR/P commercialized by the AISIN
SEIKI company ¢k Thismodel is based on a reciprocating internal combustion engine that can be fuelled
by natural gas or Liquified Petroleum Gas (LPG). The prime mover has three cylinders, with four strokes,
and a total displacement of 952 énThe endothermic engine drives gnshronous generator that can
supply up to a nominal electric power oD&W; at the same time, its modern technology allows recovering

the heat otherwise dissipated by the engine with a nominal power of 11.7TH\&'.main characteristics of

unit specifiedoy the manufacturergQ] are reported inFehler! Ungultiger Eigenverweis auf Textmarke.

Table26: Main characteristics of the model GECC6QARP) produced by AISIN SEIKI uni®][5

Model GECCG60A2 (NR

Engine type water cooled, 4 cycles, 3 cylinders
Displacement (cm3) 952

Speed revolution (rpm) 1600+1800

Fuel Natural gas, LPG

Permanent magnet type,
synchronougyenerator 16 poles

Rated electric output (kW) 0.3+6
Heat recovery rate (kW) 11.7

Generator type

Operating sound at 1.0 m distance and

1.5 m height (dB) o4
Electric efficiency at maximum load (% 28.8
Thermal efficiency at maximum load (% 56.2

The MCHPunit canoperate under electric loafbllowing logic or under thermal loafbllowing control
mode:

a) in the case of electric loafbllowing operation, the cogeneration system produces electricity by
modulating the power supplied through the inverter on the basishef¢lectric demand. The unit is
turned off when electric energy is not requirddeat is also available during unit operation, but its
level depends on the system electric output

b) in the case of thermal loafbllowing operation, the system operates accimgl to the external
temperature signal coming from a thermostat placed on the tank: when this temperature is lower
than the setpoint value, the unit operates providing its maximum electric and thermal outputs;
when the water temperature in the storage e@ads the sepoint value, the unit is turned off. Any
unused excess of electricity that is not setked is sent to the power line.

At the Built Environment Control Laboratoo§ the Seconda Universita degli studi di Napoli #iectric
demand profile canbe varied by managing eight halogen lamgsaracterized by different electric
consumtpion each lamp is equipped with a timer by means of which it is possible to schedule the lamps
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operation. As alternative, the micrcogeneraton devicecan operate in ordr to follow the electric needs
of the buildingassociated to th@peration oflightingappliancesPCs, printers, plotters, etc.

The thermal recovery during the MCHP unit operation is obtained from the exhaust gases and the engine
jacket of the micrecogenerator by using a wateglycol mixture as coolant. The heat recovered is
transferred to the cooling water flowing through a high efficiency plate heat exchanger located inside the
unit. The cooling water is circulated by the wet rotor pump P1 and its fil@assrate can be modified by
varying the pump revolution speed: three different values can be manually set. The recovered thermal
power is stored by means of a 1000 liters tank equipped with an internal heat exchanger; the hot water
storage is insulated ith 50 mm flexible polyurethane layer. During the winter the thermal energy stored
within the tank is used for heating the laboratory.

The experimental plant is well instrumented in order to measure directly the following parameters: (1)
water temperaturein the keypoints of the plant, (2) ambient temperature, (3) water mass flow rate in the
key-points of the plant, (4) natural gas mass flow rate entering the raogenerator, (5) electric power
required by the lamps, (6) electric power supplied by thersacogenerator to the endiser.

Water and ambient temperatures are measured by using resistance thermometers Pt100; water mass flow
rate is obtained by using an ultrasonic mass flow sensor, while a thermal mass flow meter is installed to
evaluate the natral gas volumetric flow rate; two watheters measure the electric power supplied by
micro-cogenerator and the electric power requested to the MCHP sysiemo. resistance thermometers

were constructed to measure a temperature profile within the hot wagark.

The quantities directly measured during the experiments and the instrumentation employed are provided
in Table27. The instrumentation bias errors associatedhwgétach measurement are also giveritiis table

Table27: Main characteristics of the plant instrumentation.

Parameter Instrument Operating range  Uncertainty

Temperature Resistance thermometer Pt10( -50+100 °C 0.2 °C

Cooling water

) Ultrasonic volumetric flow mete  0+50 I/min | +2.5% of full scal
volumetric flow rate

Fuel Thermal volumetric +0.8% of reading
) 0+5.0 Nm3/h

volumetric flow rate flow meter +0.2% of full scal

Electric output . 0

of the MCHP unit Wattmeter 0+6kW 0.2% of full scale

Electric load Wattmeter 0+10 kw 0.2% of full scale

Model calibration

The Annex 42 mode#if, 47 requires as inputs 103 empirically derived coefficients; therefore the model
must be calibrated using empirical data and each set of model inputs is applicable to only one engine type,
capacity, and fuel type; five input parameters defining the contrethrod (input #1), the control signal
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(input #2), the ambient temperature (input #3), the coolant inlet temperature (input #4) as well as the
coolant mass flow rate (input #5) are also required by the model.

Additional details about the list of both the 2Q@alibration parameters and the 5 input parameters can be
found in |6, 47.

In this work a twestage calibration process was adopted.

Firstly, the equations describing the steastate electrical and thermal efficiencies were formulated using
data from testing the unit at different steaeltate operating conditions.

Secondly, the dynamic characteristics of the model were calibratedj uksita from the device in thermally
transient modes of operation. Because the experiments did not include sufficient measurements to directly
calibrate all of the inputs required by the model, an iterative parameter identification approach was
adopted. Thé approach used an optimization tool to determine the set of input parameters providing the
closest agreement to the experimental data.

In 2004 Annex 42 participants defined an experimental protocol for testing cogeneration equiph3gnt [
this protocol giided Annex 42 testing programs to ensure the resulting data were suitable for calibration
and validation of the model. The experiments conducted for calibrating the AISIN SEIKIOLmie[®
performed trying to follow as closely as the physical constsaif the test bench permitted the guidelines
suggested by the protocol58]. However the test facility installed ahe Built Environment Control
Laboratory of Seconda Universita deglidi di Napoliwas designed to replicate rewlorld conditions
insidea residential application and therefore this study did not fully adhere to the Annex 42 experimental
protocol [53].

Static model calibration

In this paragraph the calibration procedures followed to determine the calibration paramete2s #126
30, #37103 are described in detail. Additional information about the model calibration can be found in
[48].

Calibrationof the parameter#1

The calibration parameter #1 represents the maximum electric power that can be provided by the MCHP
unit. A specifictestvd OF NNASR Ay 2NRSNJ 62 ARSYydGAFTe GKA& LI NJ
parameter was set to 5596.2 W based on the results of this experiment.

Calibrationof the parameter#2

The value of the calibration parameter #2 depends on the valudeirtput #1. In this study the input #1
was set to the value 2 (electricabntrol interface is used) and, therefore, the calibration parameter #2 was
the minimum electric output of the unit. In this work the calibration parameter #2 was set to O.

Calibraion of the parameter#3

The calibration parameter #3 defines the maximum cooling water outlet temperature: the model shuts
down the unit in case of the cooling water temperature at the outlet of the system exceeds the value set
for the calibration paramedr 3. Taking into consideration that the AISIN SEIKI cogeneration de@jds [5
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not deactivated in any case, the control associated to the calibration parameter #3 was disabled in this
study.

Calibrationof the parameters#4-19

Calibration parameter #4 @htifies the fuel type (liquid or gaseous). In case of a liquid fuel is used, the
model requires the specification of an empirically derived lower heating value (calibration parameter #5)
and the liquid fuel CQemission factor (calibration parameter #6). The AISIN SEIKI Ohits[fuelled by
natural gas; in the case of a gaseous fuel type is used, the model requires only the compaosition of the fuel
by setting the calibration parameters #B.

The facility wasiot equipped to measure the composition or the calorific heating value of the natural gas
used to fuel the AISIN SEIKI cogeneration device. As a consequence, the composition refdaideRh

[54] representing the average ltalian natural gas composition was assumed for the Annex 42 model
calibration work. According to this composition, the model calculated the lower heating value: the
composition reported imable28 provides a lower heating value of 49599 kJ/kg.

Table28: Assumed natural gas composition [9].

Compound Molar mass (g/mol)| Mole fraction (%)
Hydrogen 2.016 0
Methane 16.043 99.461
Ethane 30.07 0.063
Propane 44.097 0.009
Butane 58.123 0.008
Pentane 72.15 0
Hexane 86.18 0.01
Methanol 32.042 0
Ethanol 46.07 0
Carbon monoxide 28.01 0
Carbon dioxide 44.01 0.03
Nitrogen 28.014 0.419
Oxygen 15.999 0

Calibrationof the parameters 3790
The calibration parameters #30 are the empirically derived coefficientsofas and h-b,) that

characterize the influence of cooling water mass flow réthv , cooling wateiinlet temperature T, and

net electrical power output at steadstate R on the steadystate electric i) and thermal Ifg)
efficiencies:
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In Table29 the operating conditions experimentally investigated at the Built Environment Control
Laboratory in order to determine the parametergas and ky-b,s were summarized: the date, theteady
state electric output,the cooling water flow rate, the minimum cooling water inlet temperature and the
maximum cooling water inlet temperature were specified for each test.

Table29: Operating conditions investigated for determining the calibration parameters #307.

Date Pnet,ss i Tcw,i,min Tcw,i,max

cw

(day/month/year) | (kW) (I/s) (°C) (°C)

Test number

02/11/2011 558 | 0.29| 24.2 62.0
11/11/2011 3.15| 0.29| 27.6 64.5
07/12/2011 060 | 0.29| 21.0 | 56.0
08/11/2011 560 | 0.18| 26.0 | 57.7
21/11/2011 3.13| 0.18| 22.9 61.7
25/11/2011 0.58 | 0.18| 254 67.1

O |~ W|IN|PF

In order to determine the calibration pameters #3790, the protocol [53 suggests to operate the
cogeneration device with both a constant electrical output and a constant cooling mass flow rate, while the
GSYLISNF GdzNBE 2F GKS 41 GSNJ adzlJX ASR 68 GKS SELISNRYS
is varied overthe range that can be achieved given the constraints of the experimentalpsaind the
operational requirements of the cogeneration device in approximately 5 °C steps; according to the
protocol, the above test sequence should be repeated at ottmrstant electrical outputs and then
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repeated one more time at other constant cooling water mass flow rates. However the test facility was not
designed to impose steaeltate conditions on the combustion cogeneration unit. Therefore all of the
experiments vere dynamic tests in which the temperature of the cooling water varied continuously
according to conditions in the water tank. As suggested by the protocol, the system was operated with
0§KNBES RAFFSNByYy(d St SOGNRO 2 dzi LiEsE numieSi®viete paffordigd dc | 2
with a cooling water flow rate of 0.29 I/s, while the remaining experiments were carried by using a lower
flow rate of the coolant equal to 0.18 I/s.

The set of six experiments provided a "performance map" of cogenerdteite over the full range of
system outputs and thermal boundary conditions and it was carried out with the main aim to characterize
the influence of the following parameters on both electric and thermal efficiencies:

w electrical power output;
w flow rate of water entering the micrgogeneration device for thermal load extraction;
w temperature of water entering the microogeneration device for thermal load extraction.

The unit was maintained switched off at least 72 hours between two conseqgutigsts in order to
evaluate the system efficiency in case of cold stgurt

Fig 43 and Fig.44 allow to analyse the influence of the temperature of the water entering the micro
cogeneration device, the electrical power output and the flow rate of cooling water on both electrical
efficiency fi) and thermal efficiencyhg).
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Fig 43: Experimental values oi, measured during test#1-6.
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The figures oh. and h, were obtained by directly measuring the net electric output at steside Reiss
while the evaluation of both the gross heat input into the systegmsspnd the rate of heat generation
within the engine g.nsswas indirect. In particular, the primarpower and the recoverable heat were
calculated as follows:

qu'OSS: Vfuel 9 fuel G H f\u/el (40)
qgen,ss: q gross_ P net qexh (41)

where qyhis the thermal power dissipated by the exhaust gases.

In the equation (3) the fuel volumetric flow rate was directigasured, the fuel density was assumed equal

to 0.719 kg/ni, the lower heating value of the fuel (49599 kJ/kg) was provided by the model accordingly
with the fuel composition specified imable28. The thermal power dispersed by the exhaust gases was
calculated by using the following formula:

OJexh = mexh("):p,exh(d_ exh Troom) (42)

where Mexh, ¢, .., and ExnWere, respectively, the mass flow rate, the specific heat at constant pressure

and the temperature of the exhaust gases and,was the ambient temperature. Both,fand Teem Were
directly measured; taking into consideration that the Built Environn@omtrol Laboratory of the Seconda
Universita degli studi di Napoli was not equipped for measuring the exhaust gases mass flow rate and

composition, the values of bothmey,and Cpexn WEre determined by assuming théollowing
stoichiometric methane combustion:
CH,+ 2A07 L,¥288 2 H 7,. 52AN (43)

This reaction assumes that AISIN SEIKI unit is fuelled by methane instead of natural gas; however, since
natural gas is mostly methane, we neglected the presence of the other compounds speciiaian8.
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the average values over three minutes long time intervals where the coolant intepdrature is
characterized by a maximum variation of 0.3 °C.

In Fig 43 and Fig.44 the experimental points characterized by the same electric output, but different
cooling water flow rate were highlighted by same color of the symbols, but with a different replenishment:

empty symbols characterize the experiments performed witcrvlv = 0.29 I/s (tests number-3), while the

data measured while'/CW was equal to 0.18 I/s (tests numbei63 were identified by using solid symbols.

The analysis of the data reported filg 43 and Fig.44 indicates that there is a negligible influence of the
coolant temperature or flow rate on either the electrical or thermal efficiencies. As a consequence, the
coefficientsas-as and ky -b,s were set to zeroFrom bothFig 43 and Fig.44 it can be derived that both
electrical and thermal efficiencies are affected only by the electrical power output: in particular, the
experimental results showed that, whatever the cooling fluid temperature and flow rate' amgses with
increasing the electrical power, whilg increases at decreasing the electric output.

In Fig.45 the average values of. and ' ; corresponding to each value of the net electrical output
SELINAYSyYyiGlItte Ayg@gSaidiawiakmRlottédas @ tunctiod dhe mepelestrics] 2 X
output itself.
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According to the values reported iRig.45, the following values were identified for the remaining
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Calibration of the parameter #30

When inactive, the AISIN SEIKI cogeneration unit consumes some electricity. The electrical consumption

during standby operation was measured during the experiments describethine29. At any case it was

observed that the stand &

L2 6 SN O2yadzYLIiAz2y 61 &

net standby power generation (cddration parameter #30) was set t80.0 W.

Calibrationof the parameters#27-29

Oz2yadl yi

F Y R

The AISIN SEIKI cogeneration model can be reactivate duringlavol operation: as consequence,
calibration parameter #28 was set to the value 2. In order to characteriakdoovn operation, the Annex
42 model requires to identify also the cedbwn period duration (calibration parameter #27) and the
electric output during coetlown (calibration parameter #29). Additional experiments were carried out in
order to identify these two parameters: a codlown duration of 331 s and an electric consumption during
cookdown equal to 190.0 W were measured.

Some discrepancies were highlighted in relation to the clmayn mode by comparing the Annex 42 model
specification and the reabperation of AISIN SEIKI cogeneration device. In fact the model assumes that

during cooldown the engine consumes no fuel and generates no heat; these assumptions are in contrast

with the experimental behaviour of the AISIN SEIKI system.

In addition it @n be highlighted that in the case of the euaskr requires the unit activation during ceol
down, the Annex 42 switches from ceatdwn mode to warmup mode and, then, to normal mode.

Differently from the model assumption, the AISI SEIKI unit switchestlgifreom cooldown mode to

normal mode (avoiding the warmp mode) in the case of an electric load higher than about 300 W is
required during coelown operation.

Calibrationof the parameter#26

In order to identify the duration of warrap period (calipation parameter #26), tests #8 described in

Table29 were analysed and warmp durations were measured: the results of these measurements were

reported inTable30.

Table30: Warm-up durations.

Test number

Warm-up duration (s)

Comments

1 91 Cold startup
1 62 Warm startup
2 101 Cold startup
3 121 Cold startup
4 118 Cold startup
5 129 Cold startup
6 107 Cold startup
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These data indicated that warop duration is significantly affected by the engine temperature that in turn
depends on both ambient temperature and unit operation before the starting. However in the Annex 42
model the startup characteristics of internalombustion engines are considered not sensitive to the
engine temperature. Therefore the highest watmp duration experimentally determined (129 s) was used

for setting the calibration parameter #26.

Calibrationof the parameters#20-21

A specific test waperformed in order to identify the values of both parameters #20 (maximum rate of
change permitted in the system fuel flowhfuel/dt) and #21 (maximum rate of change permitted in the

system electric outpui Pnet/dt). The values of botk n'wfuel/dt (black dotted line) andi Pnet/dt (blue

solid line) associated to the unit operation after a cold stgytare depicted irfFig.46.
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Fig.46: dPek R |y Rit aRarfi@hction of time.

Based on the data reported in this figure, the following values of calibration parameters #20 and #21 were

assumed:
drhfuel/dtmax= 5.4exp5 kg/$ (44)
dp, . /dl =760.0Wis (45)

Calibrationof the parameters#91-100

Calibration parameter #91 defines the cooling loop configuration. The AISIN SEIKI unit is not capable of
regulating the flow rate of wateglycol mixture: therefore, the cooling loop configuration was set to
external pump. In this configuration, the watglycol mixture flow correlation coefficients described in the

model specification (calibration parameters #9@0) are superfluous.
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Calibrationof the parameters#101-103

In the micrecogeneration systems the air stoichiometry is regulated to manage the combined heat and
L2 6 SNJ dzy A1 Qa O2YodzaidAzy STFAOASyOey Ay GKS 1 yySE
order polynomial functionbased on the fuel mass flow rate. The experiments conducted at the Built
Environment Control Laboratory did not include measurement of supply air flow rate. Without these data,
OFftAONIGAZ2Y 2F G(GKS Y2RSt Qa | ANJ Frice the cOrgbNshdd hit-flowk 2 v &
correlation coefficients (calibration parameters #1003) were set to zero.

Dynamic calibration

The second stage of the calibration process was to tune the characteristics of the dynamic thermal model
(calibration parameter#22-25) using data from dynamic tests on the MCHP unit. Additional details about
dynamic calibration can be found iAg). Because the equipment did not include sufficient measurements

to directly calibrate all of the inputs required by the model, an ite&a dynamic parameter identification
approach was adopted. This approach used the GenOpt software 38plahd a simplexsearchbased

F LILINBF OK G2 RSUOSNXNAYS GKS aSdi 2F (GKS Y2RStQa Rey
the experimental d&. GenOpt drove the simulation software incorporating the cogeneration device model

(in this case TRNSYS [6]) over multiple simulatlarthese simulations:

1) the model was subjected to the same cooling water temperature, cooling water flow rate, electric
power generation and ambient temperature as the AISIN SEIKI unit experimental tests performed
at the Built Environment Control Laboratory;

2) a set of tentative values was chosen for the calibration parameter2822

3) the optimization utility invoked the biding simulation program, which performed a simulation
using the aboveeported parameters and the boundary conditions derived from the experiments;

4 G GKS SyR 2F SIOK aAyYdZ I dA2ysS @kowayexttatddQa LI
from the smulation and compared with the experimental valug,dex, The objective of this
process was to minimise the mean square error between these two values over the N time steps of
the simulation:

oy

° a
: - > 46
U & N ge cw-l,—o,pred CW,O,eXl-Jr / (46)

5) The coolant outlet temperature was used as the target for the optimisation as it is the principle,
coupling variable between the generic cogeneration model and the systems model into which it
would be integrated; the values assigned to the parameters-2R2vere adjusted based on the
results of the simulation according to the selected optimization algorithm and stepsw2re
repeated until the bespossible agreement between model outputs and empirical data was
achieved.

e

GenOpt automates stepsc2 of the parameter identification process, and can perform thousands of
simulations while searching for the optimal input set.
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The dataset used in the calibration process was derived from the test #1 describeablie29, with
measurements taken at a frequency of 1 second. The data used in the dynamic calibration included both
the warmup of the engine and the steaetate operation.

The parameter values derived during dynamadibration of the Annex 42 combustion cogeneration model
are reported in the following:

@ UAoss= 58.0 W/K

@ UAx=3493.0 WK

@ [MCly=7955.0 JK
@ [MClng= 82845.0 J/K

Model Validation

After the calibration activity, an empirical validation was then usedatsess the validity of the
mathematical model to simulate the performance of the cogeneration device through the comparison of
simulation results with measurements taken in laboratory from an experimental test completely different
from the tests used tealibrate the Annex 42 model. Additional detail about the validation activities can be
found in {8, 49].

The data used to validate the model were measured by operating the system under electsolloathg

logic. The daily electric demand profile refeat in Fig.47 was applied; this profile represents the electricity
requirements of a &lwellings Multi Family House (MFH) derived from a report of the Politecnibtilarfio
based on measurements onsite of the electric consumptions in the lItalian residential sector within the
SAVE EURECO and MICENE profts [
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Fig.47: Daily electric load profile considered for model validation
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This experiment was simulated by means of the Annex 42 model by using the measured values of ambient
temperature, cooling water inlet temperature and cooling water mass flow rate as inputs.

The accuracy of the calibration was validated by using the violp metrics quantifying both the
instantaneous and cumulative difference in the model predictions:

w the average erroiU;

w the average absolute errqd ;

w the root mean square errofJRMS;
w the cumulative error in the energy predicticﬂnE .

These parameters were defined as follows:

Lmji = preg,i ex[-J,i (47)
U /o (48)
o1 as, /i (49)

(50)
O 4 Eu ) E e (51)
where:
9 eas is the measured value at time step i;
9o is the predicted value. at time step i;
w N is the number of measurements.

The statistical comparison among experimental aneldicted results was performed not only in relation to
the entire database, but also by segregating the data by system mode operation -{stamdde, coal
down mode, warrmup mode, steadystate mode were considered) with the aim to highlight both strong
points and the faults of the model.

The whole database consists of 2875 points; the most part (1548) of the experimental values were
measured during steadstate operation; only few points have been recorded during -©min and warm
up operation.

Table31 summarizes the errors between the model predictions and observations from the calibration data
set.
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Table31: Comparison of model predictions ith experimental data.

expeI:lilrJnrgtr)lfa:I(goints Parameter | U (w) | 10 (w) | s (W) G (%)
Ohix 414 | 1168 | 424.6 -
Quoss | -423.5| 442.3 | 700.1 -
WHOLE DATABASE| 2875 Pt 18 | 24 >50 )
Erx i i - 1.0
Eyross i i - 6.1
Eoe i i - 0.2
Ohix 00 | 00 0.0 -
STANDBY MODE 1309 Ogross 00 | 00 0.0 ]
Pret 04 | 04 6.2 -
Qx| -5361.5| 5361.5| 5396.4 -
COOLDOWN MODE 11 Qgoss | -8402.1| 8402.1| 7979.8 ]
Pret 0 0 1.8 -
Ohix 2952 | 309.1 | 709.3 -
WARMUP MODE 7 Ggross 7337 | 4436.1| 5538.4 -
Pret 712.9 | 8757 | 1108.3 -
Ohix 402 | 177.3 | 352.4 -
STEADSTATE 1548 Owoss | -730.1| 7417 | 409.1 -
Pret 01 | o1 5.2 -

With reference to the wholelatabase, it can be noticed that the predicted electric output agreed very well
with experimental observations; the Annex 42 model underpredicted both heat recovery and primary
power consumption, even if the prediction of&sexhibited more variation &veen measurements and
predicted values. However, the predicted cumulative heat recovery differed from their measured values by
1.0%, while the cumulative gross input was predicted with a percentage error equal to 6.1%.

As it can be derived frorable31, the main deviations between the measured and predicted results were
associated to the coalown period of the unit and indicated that the Annex 42 model significantly
underpredicted both the primary power consumption (Annex 42 model assumes no fuel consumption
during cooldown, while 2772.7 kJ were measured as primary energy consumption during@asn) and

the thermal recovery (Annex 42 model assumes no heat gewerdtiring cocdown, while 2039.5 kJ were
derived from the experimental data as thermal energy provided during-dowain). The differences
between the measured and predicted values can be also explained by taking into account the wrong
estimation of warrmup duration by Annex 42 model due to the fact that Annex 42 model does not allow to
consider the influence of the engine temperature. No significant discrepancies can be highlighted between
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the experiment and the simulation by considering the data recordedng standby operation. The
reasons for the discrepancy in the heat recovery also reflected the Annex 42 assumption of heat transfer
characteristics of the heat exchangers constant over the operating temperature range of the unit.

Even if in the futuret would be desirable to extend this work to consider other operating scenarios and
despite some problems identified mainly during cdolwn and stardup, the results of the empirical
validation allowed to conclude that the model is able to predict therthal and electric behaviour of the

AISIN SEIKI unit and, therefore, a detailed performance assessment can be performed using this calibrated
model to examine the applicability of this device for supplying building electrical and thermal energy
requiremens.

Conclusions

In this study, the Annex 42 combustibased cogeneration model was experimentally calibrated and
validated using data collected from an AISIN SEIKI cogeneration unit at Seconda Universita degli studi di
Napoli (Italy).

The experimental proedures that were employed to calibrate the Annex 42 model were described in detail
and the results of this calibration approach were presented. During the calibration activity, some
discrepancies between the structure of the model and the experimentalabielr of the micre
cogeneration unit were highlighted and, therefore, some modifications to the mathematical form of the
Annex 42 were suggested.

The calibrated inputs derived in the current study were used in an empirical validation effort. In order to
empirically validate the model, an additional experiment (disjunct from the tests used to calibrate the
model) was conducted and the results of the validation activity was reported. The calibrated model exhibits
reasonable agreement when compared with thedigdation data set: the predicted fuel use, electric output

and heat recovery over the duration of the data set all differed from observed valués19%,-0.2% and

1.0%, respectively. As a consequence, despite some discrepancies between the predintiotise
experimental results mainly during cedbwn and warrup operation, it was concluded that the model
IAPSEA 'y I OOdzNI 4GS NBLINE a Sy (-btatehprigrmangde. G KS dzy A 1 Qa Re

2.2 Balance of Plant Models

2.2.1A MathematicalModel of aSolar Cooling System (ENEA, Italy)

Introduction

The solar cooling model described below is based on one of the most common solar cooling configuration
plants. It consists of the following main component®&mpound parabolic concentratqCPC)packup

boiler, ACSyoiler, H,O- LiBr absorbtion chillehot thermal storage, cold thermal storagACS storagg57 ¢

61]

The model is developed in Matlegkimulink and is shown #Rig.48: two main blocks can be seen, one for
winter and one for summer operation.
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Although some components (boiler, distribution system and emission, storages) are used both for heating
and for cooling, some of them have been duplicated with the purpose tomge the management model.

Starting from the configuration described above, a simulation model of the buifdarg system has been
developed The analysis carried out by means of the model aim to identify the optimum operation of the
plantintegrateds A § K G KS o0dAf RAY3IX 020K Ay SAYGISNI I yR &adzyy

Model description

The solar field receives weather data from a Weather Generator, which provides, as a function of the
geographical data (latitude, etc.), the local temperature and the solar radiation. The produced power feeds
the hot tank in order to keep its temperatureithin the temperature target range required by the
emission system (radiators, fan coils, radiant panels, etc.) in winter and by the absorption chiller in
summer. The hot tank receives also the energy produced by a backup boiler, which integratesrtfieldola

when its power production is absent or limited.. THet Thermal Tankontains hot water and it supplies,

in winter, the emissions systems of the distribution system, while in summer it supplies the chiller, a typical
H20 LiBr absorption cooling athine. Moreover, it is present eold tank containing cold water and

feeding the summer emission system (fan coils). The model has also an electric heat pump to integrate
O022fAy3 RSYIFIYR 2F (GKS 06dzAf RAYy 3 Ay heWhdeSoolingcddmand a 2 NL.

The power produced by the solar field is usually routed into the storage system; it is dissipated in case
exceed the maximum temperature of the tank or when it reaches the maximum operating temperature of
the solar collectors to aud the achievement of the stagnation temperature (that could impair their
functionality).

The whole model is operated by a control system based on the logic of maximizing the solar production
both in summer and in winter season.
Scope of Model

This sectin describes the mathematical model of the two most important components of the solar cooling
model: the solar collector and the absorption chiller.

CompoundParabolic ConcentratoModel

The model, based on the HottéVhillier equation, defines the effiency f) of a collector as composed by
the optical efficiency and by the heat losses:

-Ta) (Ti-Ta)2
h=a,-a———-rr,a, ———— (52)

T T

where g is the optical efficiency,,as the heat loss coefficient WA , & is a second heat loss coefficient
[Wm’sz], r, is a correction factor for differences between the actual and the reference flow in the inner
collector, pis a correction factor due to collector in seriesisTthe temperature inside the collector and T

is the outdoor air temperature.

95



When the diffeence between the output temperature and the test temperature is<5%, the solar plant
output power is supplied with an iterative loop implemented in the model.

__m |:>“*
e
[ L
[
{{{{{ -»/\/_| | e “\-»Il:m!

Fig.48: Layoutin Simulink of the slar coolingsystem.

Model of the H,O- LiBr Chiller

The model, developed in the Matlab/Simulink platform, calculates the cooling power produced by the
absorber, in function of the temperature of the inlet hot water, of the outdoor conditions, and of the
nominal heat input to the absorber. €model also estimates the air flow of the cooling tower.

The H2CGLIiBr Chiller model has been validated by means of the experimental data provided, in graphs or
maps, by the unit manufacturer for the models Yazaki VSEQ0;SC20;SC30.

These maps are pameterized in function of the cooling temperature of the absorber and show the cooling
capacity produced by the chillerRr the thermal power absorbed by the chilleg,jRas a function of the
temperature of the hot water at the inlet (Ii,o). The ooling is supplied by means of water from a cooling
tower. The following temperatures of the cooling tower wategjThave been used: 27°C, 29.5°C, 31°C and
32°C.

From the maps provided by the manufacturer dimensionless curves, normalized with respdw to
nominal operating conditions specified by the manufacturer, have been obtained. The nominal operating
conditions are identified by the following temperature valuesi JJ= 88.6 °C and,J= 31 °C.

In Fig.49the experimental dimensionless maps for Yazaki \SECO chiller are shown.
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Fig.49: Experimentaldimensionless map$or Yazaki WFRGC1QChiller. (a) Thermal power (BJooling power.

A mean dimensionless map, valid regardless to the chiller used, can be obtained calculating the average
dimensionless thermal power in correspondence of each value of the temperature of the hot water at the
inlet and of each temperature dhe cooling tower water. The mean dimensionless map of the thermal
power absorbed by a generic chiller is showFim50.
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Fig.50: Dimensionlesghermal power absorbed by a generic chiller,
parameterized in function of the temperature of theooling tower water.

Further, for each chiller, the COP, as the ratio between the cooling capacity produced and thermal power
absorbed by the dHer, has been calculated for each temperature of the hot water at the inlet and for each
temperature of the cooling tower water. These COP values, as a function of the temperature, are shown in
Fig.51a.

Calculating the average value of the COP in correspondence of each value of the temperature of the hot
water at the inlet, the medium COP curve (showirign51b) can be obtained.

This medium COP curve can be considered valid for each size of the chiller and for each temperature of the
cooling tower water and is only a function of the temperature of the hot water at the inléteofbsorber.
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Fig.51: (@) COP  (b) COP- Medium Value

These maps are used in the Simulink model to build a lookup table. The model simulates therefore the
operation both of the chiller and of the cooling tower, whose functiotoislissipate the thermal power
generated by the chiller.

The wet bulb temperature of the air is calculated by means of Jeevananda Reddy equation:

T

wh.amb

[Pamb
— Q7T
— Tdb,amh " (ﬂ.45 ‘I‘ D.DDE " RH " ‘lqlﬁ) (2:] (53)

The cooling water at the entrance of the chiller (that is the cooling tower water) is calculatedyatiglin,
and DTout widb,amb-, WhereDTous widb amp-iS @n input value.

The two values (liw and Tinnot ) @re then used as input parameters in the maps of the dimensionless
thermal power and of the COP.

Multiplying the nominal thermal power and thendensionless thermal power (map Kig.50), we obtain
the actual power absorbed by the chiller, which, multiplied for the COP (mkjyifla), gives the power
produced by the chiller.

Applying the energy balance to the solar cooling system, we obtain:

Paw =Py, T F, (54)

where:
w Py : thermal power supplied by the solar plant;
w P.: cooling capacity provided by the chiller;
w P, : thermal power dissipated by the cooling tower.
The model calculates thibermal power dissipated by the cooling towence Rand R, are known.

The R, can be written as:
Pay = Myy - Cp [Tz'n,rﬁr’ — Toueew ) = Myy - Cp " AT ew sour.ew (55)
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where iy isthe tower water flow; ¢ is the water specific heat at constant pressurg,.Tis the

temperature of the water at the inlet if the towel,w iS the temperature of the water at the outlet to the
tower.

The model calculates the water flow of the cooling towed the corresponding air flovi gy« as:

Moirew = m;W (5) (56)

TheFig.52 shows thetemperature trendof the indoor airof an office building supplied kymodeledsolar
cooling plant.
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Fig.52: Office internal temperature

The trend showshat the model is able to manage the power supplied by the various components to
maintain the target temperature.

Model inputs and outputs

The input and output parameters used in each main component of the model are listed below.

Solar collector: solar module area [rf|, number of modules, maximum operation temperature [°C],
percentage of glycol in solution [%)], optical efficiengfVm?K"] , heat loss coefficient,gWm?K"], heat
loss coefficient a]Wm?2K?|

Thermal hot tank and Cold tankvolume [m?], limit operating temperature [°C], total transmittance
[WmK?], form factor [1/m].

Absorption chiller system rated cooling capacity [kW].

Emission systemtype (fancoil, etc), power of each emission unit [KW], elements number, maximum
operation mperature [°C], minimum operation temperature [°C].

Gas Boilermaximum heating capacity [KW].

Compression chiller systemnated cooling capacity [kW]; Energy Efficiency Ratio [EER].
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Conclusions and further developments

A mathematical model of a solar @ong plant, developed in the Matlab/Simulink environment, has been
presented and analyzed. The good accuracy and the easy integration of the model with other components
described in the other section allow its use in a software platform for dynamic diowlaf the whole
buildingHVAC system and energy demands of small block of buildings developed bisBENERe results

of the integration will be shown in the Subtask B report, where an evaluation of the effective economical
and energy convenience oflap cooling plant will be presented.

Nomenclature

e

& is the optical efficiency,

a; the heat loss coefficient [WﬁKl],

a, heat loss coefficient [WHK?],

ricorrection factor for inner collector flow different from test viue,
r, correction factor due to collector in series,

T, the collector inner temperature [°C]

T, ambient temperature [°C]

P. cooling capacity produced by the chiller [kW]
P, thermal power [kW]

Tin, not temperature of the hot inlet water [°C]

Tw temperatures of the cooling tower water [°C]
P. thermal powefkW]

ey tower water flow [kg/s]

¢, water specific heat at constant pressure [kJ/kg K]
Tinw iINpuUt water temperature to the tower [°C]
Touw OUtlet water temperature to the towef°C]

e g€ E EEEEEEEEEEE

€

I ;e air flow [kg/s].

2.2.2TankSorage Component Model with EmbeddedPhaseChange
Material (University of Trieste, Italy)

Introduction

One of the main problems facing a designer in dealing with cogeneration plants is the requirement of
sufficient thermal stoage to account for the different times in which energy is generated respect the times
when it is needed, this is particularly important when the plant system features different system in order to
provide warm water to the final users. This is especiallg if renewable energy sources are present, such
as solar systems, cogenerative systems, heat pumps and so on.

In an attempt to improve the available thermal storage, the water sensible heat storage of common tanks
can be improved using phase change materials wich can absorb and release a substantial quantity of latent
energy .during the phase change. Differentddgrof PCM are available, such as paraffin or salt hydrates,
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with different characteristics and problems. In order to take into account the possible improvements to be
obtained using latent storage a tank model used by the building code B&Pbeen modiéd in order to
allow the insertion of cylindrical modules filled with PCM.

The original tank model [§2comprises one or two heat exchangers and it are plant components 104
G{GNIYGATFTASR &ai02NF3S GFLy]l 6AGK H AYeSwdEde Rnkiwithél | YR
AYYSNESR | - ¢

The new model considers the presence of cylindrical PCM modules as presenfagl5ia Fig.53a)
represents the original model with the tank divided in vertical layers to account for stratification, while

Fig.53b) represents the new model with PCM modules. The PCM modules are discretized using a finite
volume grid which is independent from the discretization of the tank.

Fig.53: Tank with internal heat exchanger a) tank with PQibdules b)

Phase Change modeling

Different strategies are implemented in literature to deal with Phase Change problems. The main problem
arise from the moving boundary between liquid and solid phases and a different set of equations for the
liquid, the said zones and interface, this is referred as a Stefan problem. To avoid the difficulties of tracking
the interface an enthalpy formulation has been adopted as described by Vol@3]irlr this formulation

the energy equations for liquid and solid phases replaced by the following single equation

h
I B_p gk d) (57)
ut
gc d; d<d,
h= i (58)
fed+(,-c)d, +L dzd

pc

valid for both liquid and solid phases and implicitly satisfying the Stefan heat balance condition at the
interface. Eqns.57) and 68) can be solvedising an explicit or an impliciormulation, in the former case
the computational burden is reduced per time step but a stability limit must be satisfied.

If an explicit formulation is been used to solve E@) the time step is accordingly short te@d stability
problems, however also the original ESRank model uses a sub stepping technique to deal with the
internal heat exchangers
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Explicit formulation

Temperature and enthalpy relation can be written as:

é h,
T hP < CSdpc
. c
’I\ S
]
d-P =i qpc Csdpc ¢ hP < Csdpc +L (59)
T
;e - (c, - cl)cfpC L
R h,2cd +1L
Il c s pc

Eq. 67) canbe discretized over a finite volume grid obtaining the general finite volume form

[¢]

4 agh:: } agh§+ a (anbd:b - anP) (60)

For stability, the time and space steps need to be chosen such that:

ak A 2k A

&
c Dr DI

(61)

Eq. 60) can be solved at each time step obtaining the nodal enthalpy field, the computation is completed
by obtaining the temperature nodal field using E8P)

PCMmodule discretization

The cylindrical PCM modules have been discretized using a finite volunteaappobtaining the
coefficients of Eqn.6Q). A two dimensional axisymmetric formulation has been employed. The module
discretization In axial and radial direction are defined by the user. In axial direction the grid is uniform
while in radial directiorthe generic finite control volume is a ring with inner radiug+tf®/2 and outer
radius (R+R)/2 as presented ifrig.54a).
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Fig.54: PCM nodule discretization

The convective boundary condition for the solution of PCM modules uses the temperature of tank layers
obtained at previous time step, the heat transfer coefficients are obtained using a mixed convection
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formulation that takes into acamt the temperature difference among PCM module surface and water
temperature and the possible mass flow between inlet and outlet of the water tank crossing a discretized
tank layer.

By integration of Eqn(57) on the generic finite volume represented Kig.54 the following balance
equation can be written for each internal cell

JVph:+1:JVph:+kEAE " Kw Aw n
pt pt PR PRy
KA, - koA, .
+ N N d-N + S S d-s (62)
@l ®los
Ak AL kA KA kA, gd:

e
¢ PRe PRy, Py Ples -

where Ae = 2 R+R)/2 7 |; is the East surface of the volume, whilg =2 (Ry+R)/2 ™ |; is the west surface
area and; represents the height of the corresponding layer.

Different equations are obtained for the element on the cylinder axis and for the element situated at the
boundary. In the former case the contribution of the east node is neglected, while for the latter the west
contribution is replaced with a convective coupling term with the corresponding fluid tank water layer as
shown inFig.54b) :
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Where Ay is the cell area considering the external radius of module, wigideis the boundary condition
temperature for each module layer computed as a mean value between the temperatures of the
corresponding tank layers, as presentedrig.55

Aji Wiank j + Ajeri Diank | j+1 (64)
Aji+ A

Bc i =
j+1i

When the surface temperature of the module is known, the heat flux contribution of each module layer to
the corresponding tank layers can be computed as :
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(65)
f],l = Um],l(d, - dtank,j)

Eq.(65)is then used for computing the convection heat flux pertaining to each tank layer

. 66
f- oA (66)
i=1,nml
wherenmlis the number of module layers in contact with each tank layer.
J+1i
| |
| |
1, 0.’,5 | |
o o o 04, o] o
| PCM Layer i |
I A |
bt
a) b)

Fig.55: a) boundary condition b) PCM modulayer in contact with two tank layers

Solar Domestic Hot Water Simulation

The PCM enhanced tank component has been used for the simulation of a solar domestic hot water syst
as presented irFig.56a it features a water tank with two immersed heat exchanges, a boiler and a solar
panel. A similar problem has been presented by the authors in referé&@itetlie present case differs from

the former case by a differenbatrol system of the solar collector pump and from the boiler which in this
case is an high performance condensing boiler. The solar collector pump is activated only when the
temperature in the collector is higher than the one at the mid height of the tavikile the boiler pump is
activated when temperature of the layer with the exit section of the tank falls below 45 °C and it is
deactivated when the temperature rises over 50 °C , a tree way valve has been added to the plant and
deviates water from the mkeup water in order to maintain the supply water at a value of@0The boiler

is component nt7, a gas fired boiler which provides water at a constant temperature of 60 °Gplae
collector is component 184 with a total area of 4.72 mwhile dailyDHW hourly draw profilés obtained

using component r88. Makeup water is provided to the plant at a constant temperature of 15°C .
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Fig.56: SDHW system a), PCM enhanced tank b)

The domestic hot water demand, that may be reést to a family of 4 people (approximately 240 liters per
day), is modeled through the flow rates showrfig.57.

The fractional thermal energy savings parame&3] has been computed, it represents a measure of the
percentage of non solar energy input for heating that can be reduced by the solar system.

Q ri
fsav,therm =1- : (67)
Q pri, ref

at the denominator of Eq. (11) appears the primary energy consumption withalar system, while the
numerator represents the primary energy consumption in presence of the solar system.

Table32 reports the data used for the simulation of thartk, whileTable33 reports the termfs,y term for
two Italian climatic conditions: Rome in center and Trieste in neest .
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Fig.57: Water draw profile
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Table32: parameters added to tank component for PCM discretization

parameter unit value
Number of PCM modules - 8
Cylinder height m 0.2466
Cylinder diameter m 0.088
Cylinder bottom position m 0.75
n. of cells irradial direction - 10
n. of cells in axial direction - 10
Density of PCM solid kg/m® 1350.0
Density of PCM liquid kg/m® 1350.0
Specific heat solid 2500.0
Specific heat liquid 2500.0
Latent heat (J/kg) 0.180E6
Solid conductivity W/(m K) 2.0
Liquidconductivity W/(m K) 2.0
Phase change temperature °C 55.0
Time integration 1=explicit 2 implicit 1
Phase change range (implicit only) K 2

Table33: fractional thermal energy savings for the simulated cases

Volume .
. Cases Trieste Rome
(litres)
No PCM 0.308 0.502
147 PCM 55 0.321 0.518
PCM 60 0.302 0.507

Results

From Table33 is evident that no consistent improvement is obtained since fthgem with PCM is only
marginally higher than the one without PCM. Furthermore the results with a different phase change
temperature are not sensibly different, the results differ from the ones obtaineds% §ince a more
efficient boiler has been used with a reduction of the required energy.

The cause of this poor performance is that in a SDHW system the temperaturestmsithnk varied too
much therefore the latent effect, visible only around the phase change temperature, is not efficiently
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exploited In addition the results refer to a case with only 12 liter of PCM which lead to a fraction of less

than 9% of the occupd. The low amount is due to the poor space available in the tanks not occupied by

heat exchangers, better results should be obtained increasing the amount of PCM using with tanks
especially designed.

Conclusions

The developed component is useful to simtal&iot water systems that require a thermal storage system.
The modified component for ESRallows for the insertion of PCM modules and the characteristics are
input by the user using the normal interface of the code.

The numerical solution of the Stefgmoblem implemented allows to insert the modules inside the tank at
different levels modifying the distribution of stratification inside the tank.

2.3 Complete System models

2.3.1Solar Thermal Model
(CANMet,National ResourcesCarada)

Introduction

A conceptualstudy is described into the hybridization of Stirling engine based residential cogeneration
systems with solar thermal systenj86]. Simulation results of 4 hybrid system configurations applied in
various locations in Canada are presented and comparedaie ltase systems without solar input.
Additional optimization cases are discussed. Adding solar collectors to a residential cogeneration system
has a clear potential to reduce natural gas consumption and GHG emissions. The simulated cases showed a
10 ¢ 15%decrease in the consumption of natural gas, which corresponds to a GHG emission reduction of
approximately 70@ 1200 kg per house per year (depending on configuration and location).

Scope of Model

A Stirling engine (SE) based micomeneration system forms the heart of the Base case system (see
Fig.58). The SE provides heat to a 284 DHW storage tank thrggh an immersed heat exchanger. A
second heat exchanger in the tank allows heat to be extracted for space heating through a hofedater
air handler. The storage tank is equipped with a bagkeater to provide additional heat in case the SE is
not ableto keep the DHW water at the desired temperature level.
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Fig.58: Basecase configuration. DHW: domestic hot water.

Model inputs

Solar heat is used in four variants of a hybrid renewahigicrogeneration energy system to replaces$d

energy for space heating and DHW production. In Case 1 and Fi(s86 and Fig.60), solar heat is only

used to heat DHW; in Cases 3 ($8g.61) the output of the solar collectors is used for both DHW and
space heating. In the latter systems, space heating is provided, similarly as in the base case system, through
an air handler fed by water heated in a heat exchanger in the DHW tank.

o [

Furnace

with coil

Stirling

Solar Cogeneration
Collector Device

= — e
Boiler

Mains

Domestic Hot Water Tank
284 L

Fig.59: Configuration for Case 1

In Cases 1 and 2, the SE provides heat either directly to the air handler coil or to the DHW tankup\ back
furnace is installed for additional heat in case the capacity of the SE is insufficient.dy Syisiem design
similar to Case 1, but with no solar input or bagk DHW heating, was recently installed and tested with
acceptable performance at the Canadian CerftneHousing Technology (CCHE7]. That study showed

the configuration as a cost efftdee integration pathway for micr@ogeneration in a Canadian home.
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The DHW tank in all system variants is equipped with a-bpdburner. Systems 1 featwsa pre-heat tank
aimed at enhancing the solar yield. A idew pump will transport hot water fronthe preheat tank to the
DHW tank when it is hotter than the water at the bottom of the DHW tank.
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Fig.60: Configuration for Case 2
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Fig.61: Configuration for Case 3
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Results

A study is presented into the hyidization of residential cogeneration systems and solar thermal
technology for providing space heating and domestic hot water to a residence with an average heating
load. Hybrid systems displaying various configurations and parameter settings were sinnlaiRNSYS

and their results compared to a Base Case without solar input. The results of a first round of parameter
variation cases were used in a second round of simulation aimed at improved system design and
performance From this study, it can be cdaded that:

9 Adding solar collectors to a residential cogeneration system has a clear potential to reduce natural
gas consumptions and GHG emissions. Simulated cases showed a reduction in annual natural gas
consumption of 1@; 15%, which corresponds to adwection of approximately 70Q 1200 kg GHG
per house per year (depending on configuration and location).

1 Providing low heatxchange temperatures for both the Stirling engine and the solar thermal
system is crucial for high systems efficiencies. It is migmrtant to provide sufficient storage
capacity for the collected solar heat.

9 Parameter variation cases showed an increase in systems performance with solar collector area,
but with a rapid decrease in marginal improvement.

i The solar panels angle has a limited impact on the overall system performance.

1 The hybrid renewable; fossil energy systems are complex and highly integrated systems. Their
performance has shown to be influenced by a large number of interrelated paras)dike
temperature dependent efficiencies of Stirling engine and solar collectors, heat storage tanks that
integrate multiple functions, control strategies that have a much larger influence on the operation
of the system than on the controlled variabllae, and varying climatologic conditions that results
in completely different operating conditions for various seasons of the year. In this study, only a
limited optimization effort could therefore be performed, resulting in several quite different system
configurations achieving a similar high natural gas reduction percentage compared to the base
case. This indicates that further optimization to even larger GHG emission reductions is likely
possible.

1 The hybrid systems show similar operation gmetformance when applied in four cities across
Canada with a broad range of heat demands.

1 The simulated performance of the residential cogeneration system was based on measured data
from a nonoptimized early generation unit. The results of this study therefore not suited to
evaluate the potential of this technology.

Gonclusions

It is recommended to continue the research into optimal configuration and operation of these hybrid
renewableg fossil energy systems by:

91 Pursuing optimal system efficiency ttugh a configuration in which the Stirling engine is directly
coupled to the air handler of the space heating system or alternatively to the heat storage of a low
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temperature heating system, and the solar heat capture is maximized by low heat storage
temperatures that match the temperature requirements of the space heating system;

1 Improving the overall control strategy by implementing seasonably adjusted heat storage
temperatures to increase solar heat capture and reduce standby losses;

91 Further optimizationof the solar panel configuration (in series, in parallel, mixed) with optimized
variable glycol flow rate;

1 Optimizing the heat storage to provide ample storage capacity for solar heat allowing long Stirling
engine operating cycles, without excessive Heastes to the environment;

1 Investigating a more optimal placement of the various heat exchangers in the heat storage tank(s);

1 Using a Stirling engine micomgeneration system with improved performance (comparable to or
better than that of the auxiliary et devices);

1 Expanding the simulation model to produce DHW with a constant outlet temperature;

1 Including an economic analysis of the Base Case and the various system configurations.

2.3.2ANFIS Modelling of a Hybrid IC Engine/ HE Furnace Micro
Cogeneration Systen (CANMet National Resources Canada)

Introduction

This study applies adaptive neufazzy inference system (ANFIS) technique to predict performance
parameters of a hybrid microogeneration system6B]. The hybrid system consists of an internal
combustion(IC) engine (1kWand 3.25 kW) integrated with a high efficiency condensing furnace (16.5
kWy,). The system was installed in the Experimental House at the Canadian Centre for Housing Technology
(CCHT) and system performance data were collected duringgmgpring heating season. ANFIS models

were developed and trained with CCHT data sets. The study revealed that the trained ANFIS models were
able to predict selective hybrid system performance parameters with high degree of accuracy over variety

of sysem operational conditions. It demonstrated that utilizing ANFIS modeling technique -micro
O23SYSNIGA2Y &aedadsSyQa LISNF2NXIyYyOS O02dzZ R 06S Y2RSt f
demand.

Scope of Model

The hybrid IC/HE furnace system operatesnaural gas and consists of an IC engine (1kWe and 3.25
kwth) integrated with a high efficiency condensing furnace (16.5 kWth. The system schematic is shown in
Fig.62. The hybrid system is designed to act as a two stage furnace where the first stage utilizes the heat
generated by the engine via an additional heat exchanger (HEX) installed in the furnace compartment. The
second stage is the furnace itself supplying @ddal heat for fast recovery as per the household
thermostat request. The hybrid system controller makes intelligent decisions for system operational modes
based on information collected from a number of external/internal sensors. The hybrid system was
installed at the CCHT Experimental house and connected in parallel to the grid. It was intensively monitored
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for four consecutive weeks and performance data were collected. After a preliminary analysis a set of
parameters was selected for the ANFIS modgbimgposes.

Model inputs

ANFIS models were developed to predict the system power generation and furnace supply air temperature.

ANFIS model for predicting engine electrical power generation

Premodelling analysis defined the following input parameters tredate to the engine power generation
(Pe):

1T Mg Engine natural gas consumption (L/min)
1 T Engine combustion air temperature, (°C)
T T Engine coolant temperature, (°C)
T Ma: Engine coolant flow rate (L/min)
¢KS FdzyOlAz2y a3aSyFramé gl a dzaSR (2 3ISYySNIGS I+ ¥4

data without data clustering. The parameters associated with initial membership functions (MF) are then
Gdzy SR GKNRdzZZIK GKS f Sy dcoprabingdtibnydffile fedst shos®sOrethodl and the | LJL
back propagation gradient decent method. Two membership functions were defined for each input and
output. Various input variables and types of MF: generalized bell, triangular, trapezoidal, GaBssian,
shaped curve and product of two sigmoid, were tested in the modeling study and different number of
epochs were used to verify the model performance.

Three data setstraining, checking and testing datavere randomly selected from more than 33,00Qala
points obtained from the experiments. There are 10,080 data points in each data set with no repetition of
same data point. It should be noted that these data sets are representative for most operational
conditions: engine running alone, engine and fur@aunning together and both units in a standby mode.

The model was trained with the training data set. The checking data set was used for testing the
generalization capability of the fuzzy inference system at each epoch to control the potential for model
over fitting the training data. The model was finally validated by the testing data set which has not been
used during the training. The FIS structure whose parameters are set according to a minimum checking
error criterion was applied to calculate the ael output with checking and testing input data.

Model for predicting furnace ANFIS supply air temperature

Two models were developed for predicting the furnace house supply air temperature. The first one
considers the furnace and the heat exchangegether as a single black box and the second one is to
consider the furnace alone.

The input parameters that have been considered to have an impact on the first model (furnace and heat
exchanger) are:

1 T Coolant temperature from engine, (°C)
1 Mg Engine coolant flow rate (L/min)

T My Furnace natural gas consumption (L)
1 P Furnace electrical power (W)
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1 To Furnace combustion air temperature, (°C)
T T House return air temperature (°C)

T My Furnace air flow (L/s)

T T, Room temperature (°C)

As the hybridsystem was located inside the house in basement, it is expected that the room temperature

has an impact on the supply air temperature mainly when both the engine and the furnace were in standby
mode. It should be noted that the furnace fan was running cardusly, at either low or high speed,
OKNRdzZaK2dziT GKS RI@d ¢KS AYLIOG 2F GKS NR2Y GSYLIS
study.

Input parameters that have an impact on the second model (furnace alone) are:

T My Furnace natural gas consutign (L)

1 P Furnace electrical power (W)

1 To Furnace combustion air temperature, (°C)
T Te Preheated air temperature (°C)

T My Furnace air flow (L/s)

1 T Room temperature (°C)

In the second model, preheated air temperature was considered as an input of the model as this
temperature is not difficult to measure in practice.

Natural Gas Source T, Room Temperature

+ Supply Air

Flue Gas Flue Gas ﬁ T

T, @ i} |
— @ wog | @

HEX
Combustion | ,[_
Air In — '
Tll n V1
»| Furnace X
- T ——
Combustion Air In Engin — T, 6 T
B € [ Return Air
Coolant Out
Electricity 10 __ g
House LCooIant In :
and/or Grid T L1 [ T
1 4
Engine Output: 1kWel/3.5kWth Furnace Output: 16.5kW
P = Coolant pump V1 = Tempering valve
MT = Furnace fan T = Temperature measurement

M1 = Gas meter (engine) M2 = Gas meter (furnace)
M3 = Coolant flow meter M4 = Air flow

Fig.62: Hybrid microgeneration system schematic.

As there are many inpuparameters, subtractive clustering method was used in these two models to
identify natural groupings of data from the large data set to produce a concise representation of the
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high dimension. The cluster information can be used to generate a Stigpaduzzy inference system that

models the data behaviour best by using a minimum number of rules. The FIS generation was accomplished
by using the functiy G 3ISYFAEAHE D ¢KS LI NI YSGSNAR | 2a20AF GSR ¢
GdzySR 6l R2dZAGSRO GKNRdzZAK GKS €SIENYyAy3 alyTFaraé LN
method and the back propagation gradient decent method (hybrid method).

Results

Simulation results of engine electrical power generation

Various input parameters and types of membership functions, generalized bell, triangular, trapezoidal,
Gaussian, Fhaped curve and product of two sigmoid, were tested in the modeling sflidg. model
performance was evaluated by the mean root square error, RMSE and the evaluation results are
summarized imable34.

The results infable34 show that most models predict well engine electrical power output. However, the
model with 3 inputs and with generalized bell MF for each input and output resulted in minimum training
and validation errors. The RSME of this model is less than 2.5 W dataktraining, checking and testing)
sets.

Different number of epochs, 50, 100, 200, 300, 400 and 500, were tried to test the model performance. The
results shown inTable35 indicate that there was no further improvement on the model performance by
increasing the number of training epochs beyond 300.

Table34: RMSE values of engine power generation model with various input parameters anthlipeeship functions.

Number Membership Function
Inputs fi Data Sets
of inputs gbellmf gaussmf | trimf | trapmf | pimf psigmf
Training 2.47 2.48 2.54 2.52 2.54 2.52
¥1’M E 4 Checking 2.92 2.51 274 | 3.22 4.47 3.36
1 3
Testing 6.69 2.65 3.36 4.60 81.78 41.93
Training 2.44 2.48 2.54 2.53 2.54 2.52
¥1, E 3 Checking 2.44 2.54 258 | 2.63 2.96 2.50
1
Testing 2.40 2.53 2.65 2.55 2.86 2.47
Training 2.54 2.53 2.61 2.55 2.56 2.55
M4, Tiy 2 Checking 2.52 2.51 2.63 2.54 2.56 2.53
Testing 2.54 2.53 2.73 2.57 2.58 2.55
Notes: Mi: engine natural gas consumption, Ti1: engine combustion air temperature;
Ti: coolant temperature into engine; Ms: engine coolant flow rate.
300 epochs were used in the simulations.
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Table35: RMSE values of engine power generation model with various training epochs.

Number Number of epochs
Inputs of Data Sets
inputs 50 100 200 300 400 500

Training 2.55 2.47 2.44 2.44 2.43 2.43

My, Ti, Ty 3 Checking 2.55 2.45 2.45 244 2.44 2.44
Testing 2.53 241 241 2.40 2.40 2.40
Notes: M1: engine natural gas consumption; T11: engine combustion air temperature;
T1: coolant temperature into engine; M3: engine coolant flow rate.

Membership function: gbelimf.

Simulation results of furnaceupply air temperature
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Fig.63: Comparison of measured and predicted furnace supply air temperature
during furnace startingup and shutting down periods.

Two models have been developed for predicting the furnace supply air temperature. One is to consider the
furnace and the heat exchanger together as a black box (Model A) and the other is to consider the furnace
alone (Model B. The results show that all ratedcan give prediction of furnace supply air temperature with
acceptable accuracy. The RMSE is smaller than 0.6°C. However Model B, which modeled the furnace alone,
had a better performance than the model which considered the furnace and heat exchaggénd¢o as a

ofl 01 062E 0az2RSt ! 0d I NA2dzA GN} RAAE @It dzSa NBIj dzi
d0dzReéd ¢KS GNIRAAE QI tdzSa gSNB aSid G2 nodmMpI nodOHS
respectively. It was found thate model gave good prediction by specifying a small radius (radii=0.15 or
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0.2). Since the results obtained from Model Al with 8 input parameters and A2 with 6 input parameters are
Ff NBFRe aldAaTrOl2NR 6AGK 2y S adswld dotsfurti@t tdnddSwitht 2 NJ |
RATFSNBY(G aNIRAAE G fdzSa F2NJ RAFFSNByYy( Ay Llzik 2 dzi L

The results show that vast majority of predicted temperatures are within £3°C compared to the measured
ones. The temperature differences greater than 3°C mgaodcurred occasionally during the furnace
startingup or shutting down periods when temperature change gradient was greatHige@3). However,

it should be noted hat, in most instances, the model can give good prediction of the supply air
temperature (difference less than 3°C) in these periods

Gonclusions

Adaptive NeureFuzzy Inference System (ANFIS) technique was applied to predict performance parameters
of a hylrid IC engine/ high efficiency furnace miarogeneration system in a residential application.

ANFIS models were developed and trained with real life data. The results indicate that the developed
models were able to predict system performance with a vesgdyaccuracy over a range of operational
conditions. The RMSE value obtained from the model with best performance was within 2.5 W for the
engine electrical power and within 0.6 °C for the furnace supply air temperature.

2.3.3Hybrid IGFurnace system tests atGHT
(National Resources Canada)

Introduction

Results from a field trial are presented with a hybrid micogeneration system applied to satisfy both
thermal and power needs of a typical Canadian detached ho6@e The hybrid system consists of an
internal combustion engine integrated with a high efficiency furnace. It was installed, integrated with the
rest of the mechanical systems and demonstrated at the Canadian Centre for Housing Technology (CCHT).
Cost analysis was performed to examine the remuics of such systems in relation to different price
structures imposed by the electric utilities. The study revealed that the hybrid ro@yeneration system
performed reliably and generated both heat and power with high efficiency during the heat@sgrsand

was able to satisfy the heating demand under very cold weather conditions. The power generated by the
system was first directed to the house satisfying 50% of the electric load with the other 50% being exported
to the grid. The project demonstratiethat micracogeneration systems when sized to meet the base
electric load and design thermal load of the residence are a valuable alternative to the central power
generation plants and are able to reliably satisfy the house thermal/power demand evem argeme

cold conditions.

Scope of Model

The hybrid micrecogeneration system operates on natural gas and consists of an internal combustion
engine and a high efficiency condensing furnace. The internal combustion engine is the smallest known
natural gadC engine (1kWel, 3.25kWth) developed for stationary residential applications. Due to the house
higher space heating load the engine has been integrated with the high efficiency condensing furnace with
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total system output of 1kWel and 3.25/18kWth. The hglsystem is designed to act as a two stage furnace
where the first stage utilizes the rejected heat by the engine and supply it as a low velocity warm air to the
house and second stage when the furnace supplements additional heat for fast recovery magated
thermostat temperature differential. The system control makes intelligent decisions for the system
operational modes based on information collected from a number of external/internal sensors. In order to
provide long uninterrupted operation of thengine, the integration between the IC engine and HE furnace

is done through an interface module mounted on the return air side of the furnace.

Results

The results show that both electrical and thermal efficiencies varied slightly during the test pEnied.
electrical efficiency was between 18.2% and 18.7%, and the thermal efficiency was between 55.1% and
57.3%. The overall efficiency varied between 73.4% and 76.0% with an average value of 74.6%.

The engine daily running time during the testing periadged from 739 minutes (12.31 hours) to 1437
minutes (23.95 hours). The analysis showed that the engine operation was strongly dependent on outside
conditions (both the outdoor temperature and solar radiation). For six days, that were the coldest and with
little solar gains, the engine ran close to 24 hr/day continuously with only one break of 3 to 6 minutes.

During the test period, the engine generated 12.5kWh to 24.2 kWh of electricity daily with average
generation of 19.4 kWh per day. The breakdown of generated power in percentage is sHeiyB4h

Exported o grid
average 49.6%
[ O.B05 R NdEy)

Used by house
S04, average
[ 9.880 kKWNday)

minimuwum 44.2%
maximum 52.4%

minimum J7.6%
maximoem 55.8%

Fig.64: Breakdown of average daily engine generated electricity.

On average, 50.4% of the generated by the engine electricity was used in the house and 49.6% was
exported to the grid. The house uiéd 37.6% to 55.8% of the generated electricity during the test period

as the house power consumption was strongly dependent on the outside conditions. In general, on cold
days, the house consumed a significant percentage of generated electricity andesk|®ss to the grid. It

was vise versa for the warmer days.

The house daily electricity consumption varied between 14.3 and 16.9. k¥ghshown inFig.65, on
average, 65.5% of the house electricity consumption was supplied by the engine and another 34.5% was
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supplemented by the grid. The engine supplied more than 75% of the house electricity needs on those days
when engine was running continuously for akh@4 hours. On warm and sunny days when the engine was
running less time, it was able to meet at least 39% of the house daily electricity load.

Imported from grid
average 34,59

(5.248 kWh/day)
minimum 22.5%
maximum 60.8%
Suppiled by Hybrid
Energy System IC Engine

65.5% average

{ 9.980 kWh/day)
minimum 39.2%
maximum 77.5%

Fig.65: Breakdown of average daily house electricity supply.

The overall efficienc of the hybrid energy system is defined as the total energy outputs (electrical and
thermal energy) divided by the total energy inputs (fuel and auxiliary energy). The average system overall
efficiency in the test period was 73.0% as it varies betweent69e8%.

Gonclusions

The results obtained from testing of the hybrid mierogeneration system at the Canadian research test
facility showed the applicability of such systems to supply heat and power to a residence. The hybrid
system operated extremely ii@ebly supplying heat and power to the house without any interruptions or
faults during the testing period. The performance comparison between the hybrid system and the high
efficiency furnace revealed that for most of the testing period the Experimentakélbeating demands,

even at-26°C outdoor temperature, was satisfied predominantly by the first stage of the hybrid system (IC
engine). The second stage of the system (engine and furnace) was in operation occasionally which led to a
significant reductiorin furnace cycles and etime operation in comparison to the furnace system in the
Reference house.

2.3.4Hybrid Microgeneration System with Electric Vehicles
(CANMet, National Resources Canada)

Introduction

The economic viability of microogeneration (micrdZHP) systems strongly depends on the value of the co
produced electricity. In case electricity produced by the micrbt A a dz2ASR Ay &aARS GKS
YSGSNRO:E (GKS St SOUNROAGE KlIa GKS &l YS dricity dadnotl & UK
be used inside the house and needs to be exported to the grid, it generally has a much lower value. For
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jurisdictions that do not have an active support for mi€bIP, this value could range from zero to at most
the wholesale market price.

The primary function of most micfBHP systems applied in residences is to provide heat for space heating
and in some cases also for domestic hot water. The r@di® system generally operates under a Heatl
following control strategy, which causesetlsystem to run more in winter and during the night. A large
fraction of the electricity is thus produced at times when the electric load of the house is low, requiring
substantial amounts of electricity to be exported with low or zero revenues.

Electricvehicles (EVs) consume considerable amounts of electricity. EVs are mostly driven at day and
charged at home during the night. The recharging of EVs could thus be a way to drastically increase the
own use of electricity produced by the mie@HP and to basi the profitability of the system. A study was
performed into the synergy between electric vehicles and mHP systems by combining the results of
0KS ¢gK2tS o0dzAf RAY3 aAYdz I (Aig HlectidNBHENLENdrgetimpad: Model | y R
(PEVCIM). Detailed measured profiles of residential electricity consumption were used to determine the
economics of a mick€HP system applied in a single detached house in Ottawa, Ontario, Canada.
Subsequently, the potential improvement of the profitalyilof the micreCHP system was evaluated for
scenarios with recharging of electric vehicles with different driving and charging characteristics.

Scope of Model

A simulation study was performed to investigate the potential synergy between electric vedmiclanicro

CHP system&()]. In this study, results of the whole building simulation program TRN3Y®@¢arding the
operation of a micregeneration system applied in a single detached house in Ottawa, Ontario, Canada
were combined with results for eledtr vehicle charging from the Phig Electric Vehicle Charge Impact
Model (PEMCIM) [F2] developed by Natural Resources Canada. Detailed measured profiles of tiadiden
electricity consumption 73] were used to determine the baseline economics of thermCHP system.
Subsequently, the potential improwgent of the profitability of the micreCHP system was evaluated for
scenarios in which it was also providing (part of the) power required to recharge electric vehicles with
different driving and chargingharacteristics.

An ICE with an electrical capacity of 2 kWe and a thermal output of 5.4 kWth was selected for the micro
CHP system, because the thermal output of the ICE would be a good match for the total heat demand for
SH and DHW. The storage tanktlie system would allow the ICE to run for extended periods, thus
maximizing performance by reducing cycle losses. In IEA/ECBCS Annex 42, a model for a cdrabadtion
micro-cogeneration device was developed and implemented in several whol@ing simuléion programs

[74]. The model was recently calibrated against data of a 6 kWe ICE sy&erhidwever, no calibration

for a 2 kWe device could be found in the literature. As the mgP system was configured to run in long
operating cycles, the dynamigehaviour of the system would be less important than its steady state
performance. It was therefore deemed acceptable to createksV2 model by adjusting the parameter set

of the 6kWe device to give steady state results conform the values present&édhfe36, while keeping

the dynamic behaviour similar to that of the 6 kWe unit. RHEM was used to create a set of EV charging
profiles representing scenarios in igh electric vehicles would drive certain daily distances (20 km, 40 km,
60 km, 80 km, 100 km), would be charged at different power levels (Level 1 or LevelTabse®¥) and

would have their charging session start at different times of the day (5 pm, 8 pm, 10 pm, 12 am).
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Table36: Characteristics of the mick€HP device and the baglp burner.

Capacity
Fuel “‘."‘f’ or
efficiency
(%HHV)
Micro-CHP (ICE) Natural gas
Electric power 2.0 kwW
Electrical efficiency 23%
Thermal power 5.4 kW
Thermal efficiency 62%
Back-up burner Natural gas
Thermal power 29 kW
Thermal efficiency 85%

Table37: Characterisk Oa 2F St SOGNARO OSKAOtS OKINBS tS9Stad WOFTFFAOASYyOe
divided by the AC power consumption of the charging station.

Voltage Power Efficiency
Level 1 charging 110V 1.2 KW 79%
Level 2 charging 240V 3.3 kW 86%

In the EV simulations, it was assumed that all vehicles must be fully rechargedrby This requirement
could result in the exclusion of certain combinations of daily driving distance, charge power level, and start
time of recharging, as the total recharge duration would be too long to have the vehicle ready by 7 am.

Results

An annualsimulation was performed to detarine the usage of the mick@HP system for meeting the
demand for space heating and DHW of a detached house in Ottawa. Over the full year, the ICE unit
operated for 4,174 hours. It provided 78% of the total heat load @rce heating and DHW, the remainder

was supplied by the baalkp burner. The ICE operated in long cycles with an average duration of 5 hours
and 16 minutes. The cycle length varied over the year with an average length in winter of more than 12
hours. Duringhe summer months, supplying heat for DHW only still resulted in an average cycle length of
81 minutes.

The 2 kWe ICE unit of the mie@HP system produced over 8,000 kWh of electricity. Some of the electricity
was used for the internal power consumptiohthe HVAC system (circulation fan, air handler pump). Over
7,000 kWh were available to cover the 6,510 kWh of annualligdAC power consumption. Although more
power was available than the total annual consumption for #BHWAC purposes, only 2,088 kWh¥@2of

this load could be supplied by the mieBHP system. Over 60% of the mi€@dP power production (5,005
kwWh) could not be used in the house and needed to be exported.

The charge durations were then used to calculate when the daily charging sessioltsend assuming
various start times For operational reasons, the electric vehicles must be fully chargednat The
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combinations of charge level, daily driving distance and start time of charging that did not result in a full
battery by 7 am have beddentified. it can be seen that for daily driving distances over 60nitoes, only

Level 2 charging will suffice. A total of 8 scenarios for Level 1 charging and 19 scenarios for Level 2 charging
were used for the evaluation of the benefits of combgnmicreCHP with electric vehicles.

When trying to utilize the excess power production from the miCtdP system for EV charging, similar
mismatches in timing and power level occur as with covering theHdAC electricity consumption. the
profiles of eletrical production and casumgion from 12 am to 3 am on January 1 for the scenario of an
electric vehicle driving 40 kilometres per day and being recharged using Level 1 charging starting at 5 pm..

it can be seen that the EV charging session lasts ety 0 being utilized during the rest of the day.
Besides, there is sometimes more excess power available than the EV charger can use (see for instance the
period from lam to the end of the charging session and around 6 pm). For the same scenario kifna 40

daily driving distance and Level 1 charging starting at 5 pm, profiles of daily averages of electricity produc
tion and consumption over the year.

Conclusions

The impact of electric vehicle charging on the economics of a 2 kWeakeH micreCHP systa applied in

a detached house in Ottawa, Ontario, Canada, was investigated in a somwéudy involving detailed
analysis of micrdCHP operation, of measured nétVAC electeity usage patterns, and of electric vehicle
charging characteristics.

Providng the majority of heat for space heating and DHW, the meHP system eproduced 8,146 kWh

of electricity during the dyear simulation period. Part of the power generated by the miCkHP (1,053
kwh) was used for covering HVAC loads (circulation fahaadler pump), while 2,088 kWh was utilized to
meet nonHVAC electricity consumption. Only 32% of the annuatigAC electricity consumption was
met by power from the micr&CHP system due to the intermittent operation of the mi€@blP and a
mismatch béween micreCHP power production (mainly at night) and AeWAC electricity consumption
(mainly during the day). Over 60% of the mi&@BIP power production (5,005 kWh) could not be used
inside the house and would need to be exported.

Most electric vehiclesire driven at day and recharged during the night. EV charging could therefore be a
suitable load for excess micOHP power in regions without a mie@HP feedn tariff. 27 scenarios
reflecting various daily driving distances, start times of chargingiaes, and level of charge power were
evaluated to determine their impact on mic®HP economics. EV charging significantly reduced electricity
exports by up to 54% and created substantial additional m@iHP revenues of $206300 per year when

Level 1charging was employed. The benefits of Level 2 charging were at best half of those for Level 1
charging.

Most excess power was available after large DHW draws. Excess power during the night, @ 2m)nwas

about twice the power available in the earlyeming hours (5 png 10 pm). Maximum benefits were
therefore found for scenarios with EV charging starting at 10 pm, because these scenarios were able to
benefit from both the peak in mick@HP operation to reheat the DHW storage tank after a large draw and
the higher level of excess power available at night.
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Using EV charging to improve mig€€&iP economics is a very realist opportunity, as maximum benefits are
found for daily driving distances similar to the average daily distance of vehicles in Canada.

2.3.5Phaovoltaic (PV)System DesignApproach
(Eindhoven University of TechnologyNetherlands)

PV system is one of the most commonly deployed renewable energy generation technologies. However,
under conventional design practice, PV systems might not have haaddke full potential of the available

solar energy nor have optimized for the limited available space in which the PV arrays are installed. In fact,
conventional design approach is based on rule of thumb design principle that has not considered the hour

by-hour variation of solar irradiation.

Industrial buildings are the case in point. Industrial buildings with large and flat rooftop are mainly situated
in sparsely populated areas with open fields in which the performance of PV systems is not hampered by
shading of surrounding buildings. Therefore, grishnected PV systems could be the technology of choice.

Conventional design approach

According to the conventional design approach, the sizing of PV systems is usually based on rated
charaderistics of the equipment. For example, watt peakp[\Whe nominal value used for sizing of PV
systems, is the nameplate power that a PV module can generate under the Standard Test Conditions (STC)
of 1,000 W/nf irradiance and 25°C cell temperatyis]. In reality, the irradiation peaks at different values
according to installation locations and varies hawyrhour throughout the year. In most cases, sizing of PV
systems is based on either the annual average or the worst month average irradiance Mathes a
installation location. Therefore, the actual performance of PV systems might not match nor even come
close to their designed performance.

In order to capture the maximum amount of energy, the PV arrays could be tilted to a certain fixed angle
that isrelated to the earth latitude at the installation location. As a rule of thumb, PV systems that have to
satisfy a rather constant load could have the arrays tilted to the angle of latitude in order to maximize the
annual performance. If PV systems haveatisfy a wintesxdominant load, a tilt angle of latitude plus 15° is
suggested; on the other hand, if PV systems have to satisfy a sudoménant load, a tilt angle of latitude
minus 15° is recommenddd?7].

For PV systems with multiple rows, the PV waroé the row in front will cast a shadow on the array of the
row behind, and thus reduce the overall generation yield, the issue is more apparent for higher latitude
countries. The conventional practice tries to avoid shading between 9AM and 3PM by ighpasinimum
required spacing between rows of PV arrdy3]. The spacing is commonly expressed in terms of a
separation factor, which is the ratio of the spacing and height (HF&p&6).
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Fig.66: Configuration of PV system

For Amsterdam, at latitude of 52.4°N, a separation factor of 10 is necessary to avoid shading between 9AM
and 3 PM. That is, foa limited space, only few rows of PV arrays can be installed according to the
conventional design practice.

PV systems design considerations

PV systems are commonly deployed on a horizontal surface such as that depiEigd6) with multiple

rows of PV arrays tilted at an angle and separated by spacing. Rooftop is a common choice, particularly for
factories, warehouses, bigox retailers with a large (and yet ffi@ amount of) space on the rooftop that is

not utilized for other purposes. Such type of buildings are usually of similar height that are spaced apart in a
suburban setting in which the performance of PV systems is not hampered by shading of the sagoundi
buildings. The main design limitation during the design phase will be the aforementioned shading effect of
the tilted PV arrays.

Effect of shading and bypass diodes

As mentioned, based on the conventional design approach, the design generation cagatig PV
system will be limited by the number of rows that can be installed due to the rather high separation factor
in higher latitude countries where the PV arrays are recommended to be tilted at the angle of latitude. And
if the PV system is installexith a tighter than recommended spacing, the performance will be hampered
drastically due to shading.

To complicate the issue further, the reduction in energy generation due to shading is not in direct
proportion to the area being shaded. In large PMesys, like those deployed on rooftop of industrial
buildings, PV modules are connected in series or parallel to achieve the desire voltage and current output.
If an individual module is partially shaded, or some of the connected modules are shaded Wweéike are

not, then a mismatch will occur between those shaded and-slveded portions, and hot spots will be
developed due to current flowing from the nesnaded cells / modules to the shaded ones. The exact effect
depends on the configuration of the PV twes and how they are connected.

To prevent the damaging effect of hot spots due to unavoidable shading in many situations, bypass diodes
are installed to divert the flow away from shaded portions. PV modules are commonly available in
rectangular shape, with groups of PV cells being cotatein series and served by bypass diodes. Each
bypass diode usually serves around 30 to 40 cells depending on manufacturers. Those groups of PV cells are
typically arranged along the short side of the module. Since the shading due to adjacent rowss df &2V
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casted from the bottom then to the top, PV modules are commonly deployed with their long side attached
to the ground so that sequence of bypass diodes could respond to the shaded area from the bottom up.

Design objectives

By altering thetilt angle, the length (L) of the PV array, and the spacing between rows of PV arrays (as
defined inFig.66), annual energy generation capability can be evaluated through computational simulation
with local weather information. In fact, for a less inclined tilt angle and a tighter spacing, higher generation
capability per unit area of rooftop or per design cajpacould be obtained.

From an investment point of view, tilt angle or separation factor are not parameters of interest since they
do not indicate the worthiness of the investment of PV systems. In reality, energy generation capability (in
kwWh, the potential annual energy generation of the PV system) determines how much return the PV system
can yield, while energy generation capacity (inpk¥#de design capacity at peak) of the PV system defines
the amount of capital investment. Therefore, there couldtiye design objectives for PV systems:

1) to maximize thegeneration yield that is, to maximize the energy generation capability (kwWh) per
energy generation capacity (K)V This objective helps promote higher return for the same amount
of capital investment

2) to maximize thegeneration densitythat is, to maximize the energy generation capability per unit
space available for installation. The rooftop (or any installation space) is a limiting factor on how
much PV could be installed. Depending on therfaial resources and the economic benefits, this
objective helps fit the maximum amount of PV within the limited available space. In the context of
buildings, the energy being generated is most likely prioritized for local consumption. Sustainable
building design goals, such as net zero energy building, can be achieved by matching the energy
generation density (KWh/fof the available space for PV installation) with the energy consumption
(KWh/m? of floor area. If a PV system is installed on the rooftop sfrgle floor structure, as in
many warehouses, the area ratio between the rooftop and floor area is 1:1)

The objectives could be achieved with a computational simulation design approach that is described in
subsequent sections.

Computational simulation deign approach

Computational simulation can be deployed to evaluate the energy generation capability of any combination
of the tilt angle, the length (L) of the PV array, and the spacing between rows of PV arrays (as shown in
Fig.66). In order to achieve the above two objectives, a roltfjective optimization can be performed.

In practice, for PV systems with multiple rows, the fact that having no shading for the¥ir©ias minimal

impact on the overall performance of the PV system as the number of rows increases since the advantage is
marginal. Therefore, instead of performing an optimization on a -tgsease basis, it is also possible to
evaluate all configuratios through a comprehensive design space evaluation (defined by the ranges of tilt
angles, lengths, and spacing), such that optimized configurations can be identified and appropriate
configurations can be selected according to each project requirement.
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A case study (for Amsterdam, the Netherlands)

Amsterdam, is located at a latitude of 52.4°, therefore, a design range from 0° (that is, lay flat on the
horizontal surface) to 56° is being investigated. PV modules are commonly available in limited choices of
sizes, lengths (the short side of modules) of nominal value of 0.4m, 0.6m, 0.8m, and 1.0m, based on
commercially available modules, are being investigated. The investigation is being applied on a hypothetical
rooftop in the dimension of 100m (south facing#@&m. For servicing purpose, a minimum spacing of 0.5m
between rows is imposed. Therefore, for a PV length of 0.4m, a maximum of 40 rows could be installed on
a rooftop of a depth of 40m. The parameters of investigation are summariZeabie38.

Table38: Parameters of investigation

Parameters Range Notes
Tilt angle 0° to 56° in increment of 2°
Length of PV modell  0.4m, 0.6m, 0.8m, 1.0m nominal length for commercially available P\
modules
Number of rows max. 40 rows for a hypothetical rooftop of 40m depth, and tg
accommodate a minimum spacing of 0.5m
(for an installation of one row of PV array of 0.4
: length)
(spacing) (max. 39.6m)

In fact, the spacing is a derived quantity in this case study (based on the number of rows). However, the
results gathered from this case study can be generally applied and scalable for other applications as a
database driven query, which will be demoraded in the next section.

The simulation is carried out in TRNSYS simulation environment. Type 194 Photovoltaic Array is applied
together with Type 30a Collector Array Shading. The default setting assumes a PV cell efficiency of 15.7%,
which is quite typial among commonly available flatate monocrystalline PV array. The energy
generation results can be scaled to different efficiencies.

Three bypass diodes per PV module are assumed. In other words, each bypass diode is serving a third of the
PV surface r@a from bottom up. Depending on the configuration of the PV array, and thus the heat
accumulation of the hot spots, bypass diodes might respond differently. Correspondence with practitioners
indicates that the bypass diode will have full effect (thus clatgly disable the connected PV cells) if the
corresponding area is more than 55% shaded. Such bypass @sltding effect is taken into account in

the simulation model.

There are many thousands possible configurations of tilt angles, lengths of PYiueaber of rows. The
results of the comprehensive design space evaluation are presentéid.B7. The orange dots indicate all
studied configurations, while the redots indicate the pareto solutions. Pareto solutions are those where
there are no alternative that could perform better according to the defined objectives.

The objectives in this study are defined in previous section. For example, at a genetatisity of
40kWh/nf, the most efficient configuration of PV system generates 757kWh/kithereas the least
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efficient configuration generates only 669kWh/kWThe simulation results help differentiate one
configuration from another by identifying the highiesturn configuration for the same capital investment.

80.0
§ 70.0 °
= o
< L)
> 60.0 - T . -
3 A

?
8 500 SN P S AL Lo A% o7 %
g ®
8 ®
S 40.0 LS RASLYTR Iy
Q . . .
S All Studied Configurations A
O 300 L WV UG o
> ' i $
o e Pareto Solutions >
L‘I’cj 20.0 § iricbre ey ‘;
o Conventional Designs é °
®
10.0 REXXLl :—
0.0 T T T T 1
550 600 650 700 750 800

Energy Yield (kWh/k\W

Fig.67: Energy generation density and yield of all studied configurations of PV systems

Database query

The simulation results will be published in form of an online datalpesy. TU/e has been working on
other projects that study energy demand of industrial buildings; results of such have also been developed
into database that has been published online by industrial partners.

As mentioned, one of the objectives in deplayiRV system could be to achieve the goal of making the
building net zero energy. In such case, the design criterion will be to match the energy generation density
to the energy consumption (from measured or simulated dat&.68B depicts such input into a mocked

up online database query (inputs in black). The query will return the pareto solution (outputs in red)

B)
Al PV System : select based on desired amount of energy generation
PV System : select based on desired system capacity Amount of daylighting (0, 5,10, 15%) 0
. o
Amount of daylighting (0, 5,10, 15%) 0 desired amount of energy generation (KWh/m’-yr) 83
desired system capacity (Wp/m?), (max. 113 at 0% daylightin 24

(max. 83 kWh/m? -yr at 0% daylighting)

PV System (possible solution PV System (possible solution

design system capacity (kW;) 24

possible system, energy generation (kWh/m®yr) 83
PV tilt angle (degree from horizontal) 30| [PV tilt angle (degree from horizontal) 16
PV length (m) 1.6 PV length (m) 1.6
spacing between rows of PV (m) 12 spacing between rows of PV (m) 0.8
predicted energy generation (kWh/m’-yr) 18 design system capacity (kW) 113

Fig.68: Database quenthat returns the pareto solution according to design criterion

Table39 presents a comparison between results obtained from conventional design approach and
computational simulation design approach. In this example, PV array of 1.6m length is installed. With the
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conventional design approach, a tilt angle of 52° is assigned and a spacing of 13m between rows of PV
arrays is recommended. This configuration will return a predicted energy generation density of
17.4kWh/m*-yr at a generation yield of 733 kWh/k\snnualy (recommendations based on conventional
design approach are shown as blue dot$ig.67. Two pareto solutions generated by the database query

are also presented,c@ording to two different design objectives.

Table39: Comparison between conventional and computational simulation design approach

Length Tilt Angle Spacing Design Energy Energy
Capacity Generation Generation
Density Yield Density
(m) ©) (m) (W/m?) (KWh/KW5p) (KWh/m?-yr)
conventional design approach
1.6 52 13 24 733 17.4
computational simulation design approach
same kW 1.6 30 12 24 772 18.3
max. density 1.6 16 0.8 113 733 82.6

The recommended configuratioaccording to the conventional design approach never fully utilizes the
available rooftop space, nor generates energy at the highest yield. Therefore, the first objective is trying to
find a better alternative for the same design generation capacity of \B4/rk? (that is, for the same
investment). The database queryig.68A) returns an pareto solution that can generate energy at an yield

of 772 kWh/kW, which is 5% maerefficient than the conventional design approach. On the other hand, if a
known energy generation density is desired, the database query can search for the most efficient
configuration at the desired density. In the Netherlands, a maximum generationtgerisi 13W/m? can

be efficiently packed into the available space. As showiTahle39, even at such high density, the
optimized pareto solution operates at exactiyet same yield (733kWh/k¥y as the recommended
configuration according to the conventional design approach, and at the same time, generates almost five
times the amount of energy.

Summary

The computational simulation design approach for PV systems offees rhain advantages over
conventional design approach; by first, providing tiragying evaluated solutions (vs rule of thumb
recommendations), and second, addressing practical considerations, regarding generation yield, space
limitation, and netzero energ design goal, which could not be evaluated with conventional design
approach. From the results, it can be observed that designs recommended according to the conventional
design approach are neither efficient nor fully utilizing the available space. Theutational simulation

design approach that could be deputed as database query, provides a convenient and yet objective means
to evaluate PV system design.
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2.3.6System Model of Microcogenerator based on ICE
(University of Sannio, Italy)

The use of Micr&Combired Heat and Power (MCHP) systems for distributed residential power generation
and other polygeneration applications is an interesting alternative to traditional power plants due to their
higher overall efficiency.

MCHP has been dealt by several researstfer its potential savings, particularly in distributed energy
systems, especially to determine suitable applications and evaluate the financial feasibilities of such devices
in comparison with other generation options.

Therefore, several techniques famodelling the performance of both CHP and MCHP technologies have
been developed, based on a variety of basic modelling aims. Modelling methods range from simple
calculations using thermal and electric energy demand (several computer design tools are catiyner
available), to multipleobjective optimization approaches. In particular with reference to building
integrated MCHP systems, there are a wide range of levels in modelling detail and temporal resolution.

The analysis of MCHP utilization in buildingscomplicated by the strong matching between the
0238ySNI GA2y dzyAls 20KSNI 1!/ O2YLRySydas FyR GK$S

The literature is rich with examples of ICE models developed for general analysis of combasé&dn
stationary engnes, but with few exceptions, these models focus on engine phenomena occurring over very
short time-scales, which are several orders of magnitude smaller than the time scales used in building
simulation.

This issue leads to the development of models fdrole-building simulation programs, to facilitate the
analysis of residential application. Therefore in the following, a simplified MCHP model, suited for whole
building simulation software, is described, calibrated and validg#3]79] by means of the avkble
experimental data on an I@iased AISIN Toyota MCHP (T38).

To simulate the microcogenerator operation, the TRNSYS RIC (Reciprocating Internal Combustion) engine
model has been used, by using the Type 907 TESS component. It uses a fadfierafance data to
determine the outputs of the engine, given a set of input conditions. Generally speaking, thermal power
can be recovered from the oil cooler, the exhaust gas heat exchanger, thecafitsr and the engine

jacket.

The model relies on aexternal data file which contains efficiency (both mechanical and electrical), air flow
rate (fraction of rated flow rate) and heat transfer data (fraction of total thermal power recovered from the
generator, the oil cooler, the exhaust gas heat exchamagerthe engine jacket and the fraction dissipated
to the environment) as a function of the intake temperature and the part load ratio {PadRual power
over rated power).

The tested microcogenerator is not equipped with invasive temperature and flawseatsors to separately
measure the thermal power recovered from the exhaust gas and the engine jacket; hence it has been
assumed that, in the TRNSYS engine model, all the thermal power is recovered by the engine jacket.
Moreover, it is not possible to meare the mechanical power transferred from the engine to the electric
generator; therefore, a constant value of 0.95 has been assumed for the electrical efficiency of the
generator.
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Table40. MCHP manufacturer data

Input 20.8
Power [kW] Electric 6.0
Thermal 11.7
Electric 28.8
Efficiencies [%] | Thermal 56.2
PER 85.0
Fuel Natural gas
Weight [kg] 465
Height 1500
Size [mm] Width 1100
Depth 660
Displacement 952
Engine |[:n:33 I
s;ezéo[?;lm] 16001800
Generator | " ot gonerator |
Sound level [dBA] 54

The external data that contains the performance of the engine as a function of the PLR is reported in
Table4l.

The MHCP is modeled by three components, as showFigi9, that are the RIC engine, a plate heat
exchanger, used to transfer the recovered thermal power to a secondary fluid (i.e. water), and -avlyee
valve. The latter mixes the part of solution flow rate that passes through the plate heat exchanger and the
one that is bypassed toward the enginec@ntrol system that manages the thermal recovery circuit of the
microcogenerator is also modeled.
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Table41: Values of the parameters used as input data in TRNSYS Type 907.

Electrical Primary Total waste Waste heat Electrical Mechanical Fraction Fraction
PLR[] rate [kW] energy heat rate recovered rate Efficiency [-] Efficiency [[]  waste heat waste heat to
rate [kW] [kW] [kW] recovery [-] environment [-]
A B C=B-A D E=A/B F=A/0.95/B G=D/C H=1-G

1.70E-01 1.02E+00 9.49E+00 8.48E+00 7.22E+00 1.07E-01 1.13E-01 8.52E-01 1.48E-01
3.42E-01 2.05E+00 1.22E+01 1.01E+01 7.94E+00 1.69E-01 1.77E-01 7.84E-01 2.16E-01
5.12E-01 3.07E+00 1.46E+01 1.15E+01 8.38E+00 2.11E-01 2.22E-01 7.29E-01 2.71E-01
6.76E-01 4.06E+00 1.69E+01 1.28E+01 9.21E+00 2.40E-01 2.53E-01 7.18E-01 2.82E-01
8.40E-01 5.04E+00 1.91E+01 1.41E+01 9.62E+00 2.64E-01 2.78E-01 6.85E-01 3.15E-01
9.99E-01 5.99E+00 2.12E+01 1.52E+01 1.01E+01 2.83E-01 2.98E-01 6.63E-01 3.37E-01

ool o]

three-way valve = Z
i IC engine

=
control

plate heat exchanger

Fig.69: The MCHP model ifRNSYS

Some tests were carried out to evaluate the mass flow rate of solution that indeed crosses the plate heat

exchanger, T#SO.,F,. , as a function of its temperature at the outlet of the heat exchanger it$gifou:pi

(Fig.70). Results show thatfim,pI increases with a™ order curve whertsooutpiiS lower than 55 °C (the

equation is shown ifrig.70); for higher outlet temperatures, a constant mass flow rate of solution (about
0.30 kg/s) passes through the plate heat exchanger.
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Fig.70: Solution mass flow rate passing through thate heat exchanger as a function of its outlet temperature
Concerning the parameters of the RIC engine, only the specific heat of jacket water fluid (3.72 kJ/kgK) and
maximum power output (5.73 kW, considering an average consumption of MCHP awali&#sW, with

radiator fan off) are effectively used, while the other parameters (specific heat of oil cooler fluid, exhaust
air, after-cooler fluid and rated exhaust air flow rate) are not used.
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Fig.71: Thermal power as &unction of electric power for the AISIN MCHP

131



10
x
o
_______ T
5 08 1 Y a . LR o
- [
=
@ 0.6 - v \v—'——"‘——if_vv\\\\
(&) T
= ®--- Electrical (Exp) D il Attt
L v-- Thermal (Exp)
© || = PER(ExXp)
§ 04 —O— Electrical (Man)
g —<v— Thermal (Man) o
= —O0- PER (Man) __ _e——O-——®TT
T 021 — P T
o e
% .
Q
L 0.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

PLR [-]
Fig.72:" ¢ , and PER of the AISIN as a function of PLR

The desired output, that is an input of the model, is converted to a part load rati@ \add then used to
refer to a performance map which contains information on efficiency, exhaust flow and heat distribution.
From this performance map, the fuel use and thermal output can be derived.

Regarding the characterization of the MCHP performanice,recovered thermal power as a function of
electric power supplied by the MCHP is showRimn71.

In Fig.72, electric, thermal and overall efficiendyER; Primary Energy Ratio) of AISIN MCHP as a function
of PLRare shown, considering both the experimental (Exp) and manufacturer (Man) annoumd¢ad d
Experimental tests established that electric efficiency increases RifR as expected. Small differences
were found for PER, electric and thermal efficiencies curves over all range of PLR.

Even if thermal power increases with PLR (B&g71), thermal efficiency reduces as the primary power
input increases more than thermal power itself. Finally, the increasg prevails over the reduction ing;
hencePERises withPLR

For the description of the operation of the plate heat exchanger, the-Bffég¢tiveness method, applied to
a counter flow heat exchanger, has been used:

€ UA & cC 0o

1- exp g- - ay
o« e Comn ég C e 2
g, = ‘ . (67)
C . € UA a C_ 09
1_ mn exp é' o _ min 8[]
c C C

max é mn G max  +(]

where Gnin = minGy; Gy) and Ghax = maxGo;, Gy), Where Gy is the capacity rate of the glyecethylene
mixture through the heat exchanger atthis its overall heat transfer coefficient.
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Experimental data were used to evaluate the overall heat transfer coefficient as a functidjﬁo,gf
(Fig.73); the 2nd order equation shown in the figure is used to model the plate heat exchanger.

1.5+
1l4 /
1.3
¥
= y =-13.677X% + 7.918x + 0.314
= R2=0.926
< 1.2
)
1.1 /
1.0 T T T T 1
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r#sol,pl [kg /s]

Fig.73: UA of the plate heat exchanger as a function of the solution mass flow rate passing through it

To validate the MCHP model, a comparison between measured and experimental valuesteof w
temperature at the outlet of the heat exchanger (secondary cirggibld side) was performedkig.74.
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Fig.74: Measured and simulatedalues of water temperature at the outlet of the heat exchanger
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No values are outside the +5% error band and only two values are outside the £2.5% error band.
Furthermore, a RMSE of 0.714 °C was obtained.

The validation was also based on an energy balappeoach and to this aim a specific test was carried out.

It had a duration of 75 minutes, during which the electrical power output of the microcogenerator was
increased from 2 to 6 kW with steps of 1 kW. Simultaneously, the temperature of water enteenate

heat exchanger was linearly increased from 40 to 56 °C.

The same forcing functions were also applied in a TRNSYS simulation of the MCHP; the error between
measured and simulated values are 4.71% and 3.98%, in terms of overall thermal energyegraddc
overall primary energy required, respectively.

Results are considered satisfactory, especially considering that the analyzed model does not take into
account transient effects.

2.3.7System kevelModels (BchnischeUniversitat Minchen Germany)

One of theobject in the field test was a health club equipped with two Senertec Dachs @Ry systems
(CB_1) §0, 81]. For further analyses a model of this installation has been developed, using TRNSYS as
software tool and field testing data for the validatioRehler! Verweisquelle konnte nicht gefunden
erden. shows the structure of this modeDn top metering components are visible providing data for the
output files. In the middle from left to right the supply side, heat distribution and demand side are located.
At the bottom the control components are shown.

The supply side consists of the following heat generators:
w 2x micrecCHP unit Senertec Dachs (12/8 thermal, 5.5. kW electrical output each),
w 2x peak load boiler (60 kW thermal output each),
w 1x solar thermal system (282 absorber area).
[

The micro CHP units were modelled using TypelCHnternal Combustion Engine. This type is
one of the micro CHP odlels developed during Annex 427].

€

The heat generators feed heat to the distribution system including the piping as well as several
thermal storages:

1x 30001 buffer storage,
2x 5001 DHW storages, operated in parallel,
1x 5001 DHW storage to integte the heat gains of the solar collectors.

The demand side is simulated using load profiles for space heating and hot water consumption derived
from the measuring campaign.

Fig.76 shows results of the model validation. As example the Decemb®r2281 has been chosen. For
each, the outlet temperatures of both CHP systems and the peak load boiler and the return téun@era
from the buffer storage towards the heat generators, simulated (solid lines) and measured temperatures
(dotted lines) are shown. General behavior of the simulation is good. Especially operation of the peak load
boiler shows good correlation.
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A thermal simulation model has also been used to optimize system configuration. Tdwriglirefers to
the building CB_2 of the field tes3q], which is a small hotel with an integrated butcher shop.

As the focus is on the integration of the micro CHP unit in the system, only the CHP related part has been
modeled in detail. A heat demandddile replaced the building simulation. Out of several configurations
realized in TRNSYS the following two will be described more in detail:

i Statusquo: Fig.77 shows the system layout as it has been realized in the supply object. The micro
CHP unit (BHKW) delivers heat to a thermal buffer storage (PS) with a volume ¢of TO@®uffer
storage is onnected in serial with a peak load boiler (SLK) to supply heat to the building. The
heating water always circulates through the boiler. The boiler is activated, if the water circulation
through it has a temperature below 52°C and stops at temperaturdsehithan 65°C. A storage
Typeda is included to emulate the heat losses that occur in the boiler.

1 Optimized configurationAs visible irFig.78, now CHP unit (BHK\&hd peak load boiler (SLK) both
supply heat in parallel to the buffer storage (PS). The boiler is only activated if the outlet
temperature of the buffer storage on the demand side is lower than 52°C and stops if the
temperature in the middle of the buffestorage reaches 65°C.

The goal of the optimized configuration is to avoid the stagdheat losses of the peak boiler. This is
achieved as heating water only circulates through the boiler if it is in operation. The total efficiency of the
boiler increase from 45% (statusquo) to above 70°% (optimized configuration).

Equa4
} 4

Typeda

Pumpe BEKW BHEW
SLK

o
t WWsp

[ | W

=

=]
V3
.
- L

a7

PS Typellh-3

Fig.77: Simplified TRNSYS modestatus-quo
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Another advantage of the optimized configuration is a significant reduction of thestgstcycles of the
boiler as is shown iRig.79.

Based on a load profile 6fmonths, the TRNSYS simulation leads to the resukaldé42:

1 The fuel consumption of the peak load boiler could be reduced By While the heat output
increasedby 40%

1 Due to the lower heat losses, the CHP deliver%cllgss heat and electricity and consumes less fuel.
Additional 2.7 MWh electricity have to be purchased from the grid.

1 Altogether 5.6% of primary energy can be saved.

—Status-quo —Optimized configuration
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Fig.79: Peak Load Boiler operation in status quo and optimized configuration
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Table42: Comparison of both configurations

Statusquo Optimized
configuration

CHP fuel consumption [MWh] 71.8 61.4
CHP heat output [MWh] 39.5 33.7
CHP electricity generation [MWh] 18.7 15.9
PLB fuel consumption [MWh] 24.0 22.6
PLB heat output [MWh] 10.9 155
Heat demand DHW [MWh] 18.2 18.2
Space heating demand [MWh] 30.2 30.2
Electricity grid import [MWh] 0.0 2.7

Final energy demand [MWh] 95.8 86.7
Primary energy demand [MWh] 105.3 99.4
Primary energy savings 5,6%

2.3.8A (generationSystem for an Apartment Building based on
Distributed HeatSorage Technology(Japanese Group)

Introduction

In order for economically viable siiibuted generation systems for ap@nent buildngs to spread, it is
essetrtial to develop & efficientand low-cost heatsupply systemWe have developed a hew cogeneration
systemcalled the Neightwring Cogneration system (NCG). The key concept of this systemiistall a

heat accumulator witha hot water supply ad a room heatig function ateach househol@&nd to connect
different households by a single loop of hot water. We report the results of the NCG system for-in lived
households. The controlling systemorked efficiently. All of the households were able to use hot water
without any difficulties. Further, we report the results of the energy saving effect of the NCG system for 50
livedtin households by means of a simulation based on the experimentatsdeuNEXT21.

By introducing this system into an apartment building of over 20 households, we can assume that the heat
load leveling effects are high. To determine the optimal heat supply control and equipment specifications
for an apartment building withtens to hundreds of households and various heat load patterns, a heat
supplysimulation model was created based on the heat supply test results for NEXT21. The heat supply
simulation model wasreated by using Visual Modeler (Omega Simulation Co., Ttds)process simulator

can take dynamic characteristics into consideration, and it reads heat demand data for every minute and
calculates simulation data for every second.
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Scope of Model

A model of the heat storage unit was creat&ince the temperaturelistribution in the heat storage tank
needed to be reproduced in this model, the tank was divided into 50 segments. A model of perfect mixing
of hot water entering a watefilled cooling tank from a bottom inlet was created, and an extrusion flow
with temperature stratification up to a segment portion of higher temperature than the thattom inlet

flow temperature was created.

The parameters of elements, such as valves, heat exchangers, and pumps were adjusted, and the model
was created so that it wouldebin agreement with the heat supply test results for the heat storage unit.

The model of the heat storage unit was used to connect seven households; a model of the NEXT21 system
was then created by combining the models of the newly created heat souftescontrol logic for the
inverter pump, heat storage unit gas engine, and backup boiler was made the same as that for the NEXT21
system.

Finally, the model of the heat storage unit was used to connect 50 households, and the heat source.

Using the model of ® connected households, it was considered whether heat supply to 50 households
would be possiblevith a singleloop pipe of 25mm inner diameter.

Model inputs

The simulation was performed for the heat demand pattern of a single day in winter on the apartme
building (50 households).

A gas engine (rated power output: 25kW, hot water output: 38kW) and two backup gas boilers (hot water
output: 175kW) were assumed as the heat source. Regarding the heat loss in thdmipghépe and heat
storage units, the &at loss coefficient was calculated from the experimental date for NEXT21 and was
included in the model.

Further, the outlet flow rate from the singl@op pipe was invertecontrolled bythe return temperature of
the singleloop pipe by making the standaflow rate 20L/min. The maximum flow rate was assumed to be
60L/min.

As a method to reduce the heat load on the siAglep pipe and to use the heat storage effectively during
the peak heat load hours, heat storage was not used from of 17:00 to 20:afblresponding to hotvater
supply by the heat supply directly from sindgd®p pipe. The time from 20:00 to 23:00 was considered to
be the peak heat load hours, and heat storage was not performed.

Results

A trial calculation for the energyaving effects bintroducing this system into an apartment building of 50
households was performed.

Heat source equipment, a gas engine (rated power output: 25kW, power generation efficiency: 33.5%
(LHV), hot water output: 38kW, total efficiency: 85%) and two backupisai87.5kW), were installed in an
apartmentbuilding of 50 households.
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The load survey data for an apartment building (50 households) for a representative day of every month
was used for electricity and heat demand. The trial calculation was made faetrissentativeday, and
then the energysaving effects over a year were evaluated.

The heat supply simulation model for 50 households introducehleiprevious section was used in the trial
calculation. When the peak heat load cutting effect (differerimtween the heat loads of all the
households in the peak heat load time zone and the heat load in the dowpepipe) by distributed heat
storage in each households was calculated, it was approximately 130kWh (including the heat source
system). The triatalculationwas made with this value as the amount of effective heat storage. Moreover,
the control logic that the gas engine used was part of the load in terms of electricity demand, stopping
when the amount of effective heat storage was reached, was adopted.

As a mteworthy feature of NCG, the heat storage capacity of the entire system was large as compared with
conventional systems, so that the engine operating rate increased and the esavigyg effect was
improved. When evaluated over one year, it turned outtthlCG can reduce the amount of the primary
energy used by 15% and carbon dioxide emission by 23% by compared with the case of a gas boiler
installed in each household.

Gonclusions

A singleloop pipe of 25mm inner diameter was able to demonstrate that siypg heat to 50 households
was possible by using a heat supply simulation model based on experimental results.

According to the results of evaluation throughout the year, it turned out that NCG can reduce the amount
of primary energy used by 15% and ththe amount of carbon dioxide emission from it by 23% as
compared with the case where a gas boiler is installed in each household.

2.3.9Water Heater Mbdels for use irGty-Level Ehergy useSmulations
(Japanese Group)

Introduction

Smulation models for new type of water heaterggas engine cgeneration, PEFC, SOFC, condensing gas
water heater, solar water heater, and heat pump water heater) are develdf8f These modelsare
merged withthe city-level residential energy endse simulation modgB4] which cadculateselectricity and

hot water demand of various types (household member, type of house, etc.) of household in 5 minutes
interval. Due to the granularity of the electricity and hot water demantk imodelis able to beused to
determine the relative #iciency of these water heaters for different household categories from the
viewpoint of reductions in cost, energy use, and,@missions. Based on the results, the optimum
distribution of these water heatersn Osaka Citypopulation: 2.6 million, houg®lds: 1.2 million)is
demonstrated. The CQOemissionreduction effect, the energgaving effect, and the change in the
electricity load curve of Osaka City under conditions of optimum distribution of water heater types were
evaluated using the model.
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Scoe of Model

This model can simulate energy performance of mi@e gngine ca@eneration,polymer electrolyte fuel
cell cogeneration systensolid oxide fuel celicondensing gas water heatesolar water heater, andheat
pump water heater

In the city-level residential energy endse model, the annual energy consumption of one household is
calculated iteratively for the 19 household categories, as well as the 12 buijgingcategories, six of
which are classified as detached houses and the atheas apartments according to floor area. In addition,
four different thermal insulation levels are considered for each building. In the appliance energy use
schedule model, the energy use of each appliance is simulated separately and is based on occupant
behaviour. Occupant behaviour for a variety of activities is stochastically determined over 24 hours on
weekdays, weekends, and holidays based on attributes of the occupants. In the heating and cooling energy
use model, dynamic heat load simulations aseried out using both building data and weather data.
Ventilation and heat conduction between rooms is calculated using a thermal circuit network method.
Heating and cooling loads are simulated considering internal heat gain, which is calculated using the
appliance energy use model and the behaviour of the occupants. The time interval used for tHeaukat

and energyuse simulations is five minutes.

Model inputs
Input data are as follows:
1) Census and other statistics for estimating the distributiohafisehold categories.
2) 2005 National time use survey for occupditshaviour schedule model.
3) Electricity consumption, dissemination ratio and frequency of appliance use.
4) City water temperature estimated from climate data.
5) Weather data (Standard Weather Radf Osaka City)
6) Specifications of walled and windows, plan of house.
7) Heating and cooling operation probability function by room air temperature and hour.
8) Set air temperature

9) Quantity and temperature of hot water for each use and season.

In this study, hat from hot water heater s is utilised for only water heating and surplus electricity
generated by cogeneration that cannot be utilized within household cannot be sold to electricity grid.
Results

The difference in the primary energy reduction effect amdmgusehold categories for the CO2H®at
pump water heater) PEFC and SOFC systems is large compared toohE#hsing gas water heateahd
MGEmicro gas enginggystems, which are smaller. SOFC systems have the highest primary-semérgs
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for househotls consisting of two members or more, followed by the SQedA& water heaterand CO2HP
systems.

For each household categomye optimum water heating system is selected for primary energy reduction.

In all household categories with two or more familyemmbers, the SOFC system is considered optimal.
Performing the analysis again to exclude the SOFC, which is not yet commercially available, reveals that the
CO2HP system is better suited for use in apartments while the SOLAR system is better suitedrfor use
detached houses.

Optimal distribution of the various systems for achieving optimal reductions in édissions under
Japanese electricity grid condition shows different restits:. all apartments and most detached houses,
the CO2HP system was identifias being optimum. It should be noted that £&nissions are dependent
upon the C@emission factor of the electricity grid in the target region. For detached houses with one or
two members, SOLAR systems were found to be the most optimum system.

For the cost optimum distributionthe SOFC system is not considered since its initial cost cannot be
predicted at present. The LHB system was selected as being optimum for cost in detached houses with one
to three members and in apartments with one to fomembers, probably because the hot water demand

of these household types is relatively small, resulting in a longebpal time for the other water heating
systems. For families with more than four members, the CO2HP and PEFC were selected asitmeing opt
because the larger hot water demand has the effect of decreasing théaelytime.

In the baseline case, the annual primary energy consumption is 70.2 PJ, 24.7% of which is used for
producing hot water. By replacing water heating systems, the taialgry energy consumption decreases

by 3.8 to 12.7% compared to the baseline case. In the Energy Optimum case, the total primary energy
consumption can be decreased by 12.7%. However, if the SOFC system is excluded, the reduction in total
primary energy cosumption decreases to 8.3%.

Replacement of all of the water heaters with LHB or SOLAR systems reduces the jaali€¥ions by

4.2% and 4.5%, respectively. Since SOLAR systems are only considered for detached houses in this study,
the effect is comparately small. Replacement of conventional water heaters with CO2HP systems reduces
total CO2 emissions by 12.3%. In the, Optimum case, where the proportion of CO2HP systems is 87.2%,

total CO2 emissions decrease by 12.5%. Ther€dction effects of aageneration system, such as an

MGE or PEFC system, are small or negative because phen@3ion factor for the grid electricity in the

study is small (0.358 KgO2/kWh); approximately half of the electricity that is used to supply Osaka with
power is pnmarily generated by nuclear and hydro power plants.

Largescale introduction of heat pump water heaters will increase the demand for electricity in the
residential sector. On the other hand, introduction of cogeneration systems will decrease the electricit
demand. The electricity load curve of the residential sector in Osaka is calculated for the baseline, Energy
Optimum, and COOptimum cases for three days from August 7 to 9; however, this time in the Energy
Optimum case we considered using the SOFGmsstin the COOptimum case, 87.2% of households
installed CO2HP systems. The electricity demand due to CO2HP appears two hours before 6 a.m., which is
when the nighttime rate for power ends according to the current tariff system. This demand due to the
CO2HP system at 6 a.m. amounted to approximately 1 GW of electricity, which is higher than the peak
demand in the daytime and, except for these hours, the electricity load curve is almost the same as the
baseline case. In the case where 96.4% of househoktsll SOFC systems (Energy Optimum case),
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electricity demand decreases by 3800 MW as the SOFC system generates electricity in response to the
specific electricity demands of the house.

Gonclusions

The energysaving effects attributable to the waterehters differs with househottype, with the effect
being more noticeable in households with more members and in those that consumed more hot water.

Optimal water heating systems exist for each household category. The optimal system for a given
household ould be identified through selection of the optimum system based on the electricity and hot
water demand of each household and application of the-aed demand model developed by authors. The
distribution of optimal water heatetypes by household categpmwas found to differ for primary energy
reduction, C@emission reduction, and cost reduction.

Combined with lowcarbon grid electricity, the CO2HP system is associated with the highgstdi@tion
for most household categories.

Although SOFC systemsanot yet commercially available, compared to other residential cogeneration
systems, these systems have considerable energy ande@ction potential.

New water heating systems could potentially reduce, €Rissions by the residential sector of Osakig Ci
by a maximum of 12.5%. However, in order to introduce thg @@imum system into each household, a
subsidy is considered necessary to offset the expenses incurred. Highteffemsive C@reduction
through such subsidies could be achieved by subsglizlatively more coseffective households only.

Largescale introduction of heat pumps and cogeneration systems would have the effect of markedly
changing the electricity load curve.

2.3.10 High Slar Concentrator Model
(Universita Politecnica delle Marchdtaly)

The aim of the HCPV technology is to take the advantage of the solar concentration principle and thus
reduce the amount of the photovoltaic material. The PV material can be replaced with a cheaper optical
system, which can be made by plastic, glas aluminium. Optical systems for solar concentration work
LINRLISNI & 2yfte& gAOK | FNIXrOOUA2Yy 2F GKS gK2fS az2ftl N
means that HCPV systems require solar tracking and that the technology is realliveftedy in those
countries where the solar radiation is more intense and constant, such as Mediterranean Countries and
Middle Est North Africa countries (MENA).

The main components of an HCPV module are: the triple junction photovoltaic cell, the opticsieking
mechanism. The key characteristics of the system lies in its innovative design since it uses a very compact
and lightweight chassis, an accurate tracking mechanism and a very small triple junction solar cell (see
Fig.80).
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Fig.80: Model of the HCPV system

In addition, aspecific optics was developéd suite the solar cell and to reduce the encumbrance of the
module. All of these haracteristics make this system suitable for small power generation application and
building integration. The HCPV plant can be assembled according to the user need, in terms of electric
power requirement and space availability. The Power output of eacduteois 70W (DNI 900 W/m2,
ambient temp.25°C) with an efficiency of about 30%.

Table43: Main electric, optics and mechanical parameters of the HCPV system

Parameter VALUE
Power output _ 70 W
(DNI 900 W/m2, ambient tem25°C)
CellTypology Monolithic Triple Junction
Cell dimension Circular, 2.3 mm diam.
ety
Optics Fresnel lens and secondary opt
(C())?]ti;ii Se)f'ﬁciency 85 0%
Module efficiency 30 %
Dimensions 1.6x0.4x0.4 m

The effectivenesef the whole system depends on the performance of each single component of the HCPV
Y2Rdz S 'y WIR K20Q Y2RStf KIFIa 0SSy RS@St2LISR (2
PhotoVoltaic, HCPV, systef@5]. For the simulation of the HCPV module endanalysis a simplified
approach has been adopted: the profile of the solar radiation spectrum is neglected and only the whole DNI
flux is used as an input parameter.

As regards the optics, the system uses a Fresnel lens as first optic and a reflestivasca secondary
optic. The secondary optics has a double aim: first to improve the concentrated solar flux homogeneity on
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the cell (which is a requirement to achieve higher cell fill factor and efficiency); secondly, to reduce the
optical efficiency losss in case of tracking misalignment (the radiation that is not directed to the cell is
reflected by the secondary optics and redirected on the photosensitive material). The optical concentration
level has been pushed up to 1000 suns in the modelled pro&tyjmis high concentration ratio can be
achieved thanks to the use of a small MJ solar cell that have lower series resistance losses and can spread
the extra heat from the concentrated light more easily

The optical efficiency has been defined on the basis) simulations coming from a rdsacing software
and ii) the mechanical accuracy of the daals tracking mechanism defined trough a probability function.

Fig.81 shows the trend of the relative optical efficiency as a function of the misalignment error of the
tracking mechanism.
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Fig.81: Relative optical efficiency vs. misalignment error
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of a semiempirical diode model. The parameters that are required to define the model are obtained by the
I-V performance curve of the cell. The experimental data come from a test bench thacgaire the 4V

curve of the cell at various concentration levels and cell temperatures. In the test bench, a continuous
xenon lamp source was used with an Air Mass 1.5D filter to control the output spectrum. A diode model is
assessed to define the perfimance of the cell; the parameters in the model are deduced by a regression
that minimizes the difference between the experimental kcurve and the-V curve from the analytical
model. Also the cell temperature is an important parameter that influencespérformance; for this

NBI a2y | &LISOAFTFAO Y2RSt A& RSFAYSR® ¢KS OSftfQa
temperature) and the optical concentration ratio (optical efficiency and DNI). On the basis of the
experimental data an accurateodel has been defined.

The cells in the flash tests show an efficiency of 41% which drops to 35% in real working conditions
(overheating due to the concentrated solar flux). 3J solar cells do not suffer from sensible performance
decay at high working tengpature as traditional silicon cells and thus they are suitable for the application
under high radiation flux. The extra heat can be easily rejected in small cells since the hot spots are smaller
and better distributed on the chassis thus no active orspascooling devices are required.

Fig.82 shows the comparison between an experimentd turve and the-VY curve described by the
analytical model;Fig.83 reports the experimental-\/ curves of the cell at four different levels of solar
concentration.
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Fig.82: Comparison between an experimentaM curve and a modelled-Y curve
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Fig.83: Experimental 4V curves of the cell at different solar concentration levels

The HCPV system accounts also for a series of other losses:thesbBalance Of System, BOS, takes into
accourt all the components of a photovoltaic system other than the photovoltaic panels. This includes
wiring, switches, support racks, inverters, and batteries in the case -gfriofisystems. For this reason, the
definition of the BOS losses depends on manyapeaters; usually, a value of 15% losses is suggested for a
small scale system. So finally the output of the cell can be obtained as the combined result of the solar DNI

data, the tracking accuracy, the correspondent optical accuracy, the solar celladkoutput and finally
the BOS losses.
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2.3.11 Optimal Strategies for Hybrid Systems made up of HCPV and
Micro-CCHP Devicdbtniversita Politecnica delle Marchdtaly)

The aim of the work was to identify the optimal strategies for the management of a hybridrsysagle up

of a micreCombined Cooling Heat and Power (CCHP) technology and a High Concentrator Photovoltaic
(HCPV) system, suitable for the residential and tertiary sectors in the Mediterranean area. For many times
CCHP systems, and especially small uhase been granted fixed electricity prices, but recently, fixed
prices have been replaced with variable prices, according to the negotiations on trehdag electricity
market, providing both new opportunities and the need of identifying new managers&ategies. A
specific algorithm has been developed to assess the operation of the hybrie@odration system, in
details a multiobjective approach has been followed, considering the minimization of three items: i)
operating costs, ii) carbon dioxidengssion and iii) primary energy consumption, on the basis of weighting
FILOG2NAR RSTAYSR WI LINA2NARAQT (Kdza Fftf G4KS GKNBS 206
A of Fig.84 shows a conceptual layout of the hybrid pglgneration system under analysis, aimed at
maximizing plant flexibility. The plant is made up of an ICE, a HCPV unit, modelled by the a@®jpurs [
[87], a Thermal Energy StorageEQ), an additional heating boiler, an absorption chiller and a vapour
compression chiller. Both micit6HP and HCPV systems are connected in parallel to the grid and to the end
user; this means that the electrical load of the emgkr can be satisfied by tiothe power devices and by

the grid. In the same way, the energy produced by the devices can be either sent to thsemadr sold to

the grid, or used to feed the vapour compression chiller.

The thermal demand can be satisfied either by the additidredting boiler, or by the thermal power
recovered from the ICE, or by the thermal power stored in the TES.

The cooling demand can be satisfied either by the vapour compression chiller or by the absorption chiller,
driven by the thermal power recovered blge micreCHP unit or by the thermal power stored in the TES.
The inclusion of both the cooling devices increases th@ldyomplexity and, in general, it is not feasible

in a real installation. Anyway, the complexity of this layout gives the opporttmitynderstand which of

the two cooling systems is the most suitable when a rabifective optimization criteria is followed.

Results coming from configuration A have been compared to other three configurations, as shown in
Fig.84.

The main findings of the work [B&re the following:

w optimal management of a hybrid system provides advantages (in terms of operating costs,
carbon dioxideemissions and primary energyrgumption) compared to separate production.
Micro-CHP units and HCPVs modudes conveniently used in: i) winter and fall/spring days
and ii) for all the three cases analysed. These results suggest the applicability of a hybrid
system, in particular forfat GKS F NBlF & OKIFIN}OGSNRASR o6& |
LISNA2R&aQT

w a reduction ranging from 30% to 50% in the operating costs, in the carbon dioxide emissions
and in the primary energy consumption can be achieved adopting an optimal dispatch
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algorithm with respect to separate production. This suggests and underlines the advantage of a
reaktime management strategy;

the electricity purchase and sell price affects the hybrid system operation only when a higher
weight is attributed to the operating costsThis means that the advantages of variable
electricity prices can be effectively appreciated only following a minimisation criteria based on
the operating costs;

the application of a HCPV system is beneficial for all the analysed cases, providingtiameduc
of the primary energy consumption, carbon dioxide emissions and of operating costs compared
with SP. This trend is particularly evident in sunny periods and for low thermal demand users,
as in the office case;

as regards the cooling devices, the alpimn chiller is never chosen by the mudtbjective
optimisation strategy, suggesting that the best option is the adoption of a vapour compression
chiller.
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[ o ‘ —
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Fig.84: Configurations considered in the analysis
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2.4 Control Systemsinked with Micro-CogenOperations

2.4.1Alternative Algorithms for Dispatching aVirtual Power Plant
(Research Center for Energy Economy (FE€rmany)

Combined Heat and Power (CHP) devices devices are basically operated heat tracked; thermal demand
determinates electricity production. The integrated thermal storage is only used to reduce the number of
start-ups and to increase user comfort. From the grid point of view, the heat tracking operation results in
fluctuating electricity feedn that must be compengad by balance power.

Without lack of comfort, electrical production can be shifted into certain temporal intervals by anticipatory
operation of the CHigevice and the thermal storage. This shifting capability can be used to avoid schedule
deviations in tle balance group or to provide balance power to the transport system operator (TSO).

In practice, this task is organized by a control centre of several linkeed@ktfes. This pool of linked
devices is called virtual power plant (VPP), as the linked listd Energy Resources (DER) can perform
tasks, which have usually been performed by larger fossil power plants.

G FANRG aA3KGX RAALIGOKAY3A | xtt asSsSvya ftA1S LIy
that the commonly used methodsabed on Mixed Integer Linear Programming (MILP) do not meet the
special needs of a VPP. The mathematical problem differs from that of a conventional dispatch by the high
number of individual devices, which are characterized by similar or identical tethamdaeconomic
parameters. Furthermore, the local thermal load of the CHP devices must be considered.

This chapter describes the development and assessment of different algorithms fahdag and intraday
dispatching which fulfil the requirement of a tial power plant consisting of individual CHP devices. This
62N] A& OFNNASR 2dzi ¢6A0GKAY GKS NBaSINOK LINRBa2SOi
subsidized by the Federal Ministry for Economy and Technology and supported by the two Gelities uti
G{i0rRGBSN] S aNyOKSyYy¢ |YyR 4929 1 Dé FNRBY hf RSyodz2NHO®

Dispatching of conventional and virtual power plants

Conventional dispatching

Usually, power plants are dispatched one or a few days ahead. To that time forecasts of all relevant values
are available For instance, a temperature forecast is used to estimate theumad electricity demand.
Depending on the forecast electricity prices decisions are taken to either run the power plant or to buy
electricity from the wholesale market. Special qualifiedrnp$ may provide additional positive or negative
balance power. Commonly, only a limited number of plants are involved into this dispatch. These plants,
which do not provide heat simultaneously, predominantly can be planned by the merit order of their
eledricity production costs.

The planner has knowledge about the characteristics of the plants like the year of construction, technical
parameters or upcoming revisions. In many cases, he could do the dispatch without computer aided
optimization. Schedule deations can be faced by increasing or lowering the power of a single plant.
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Considering heat production of CHP pla@ts wellcan be done easiliy by conventional dispatching
methods. If there is a district heating system, the combined heat and powerspéarttaken into account
preferential to cover the heat demand. The thermal heat demand can be forecast appropriately due to the
high amount of consumers. Smaller Giices usually receive daytirmedependent subsidies by the
German government. A fixegdd-in tariff means that there is no incentive to dispatch these devices or
shift the production to other times.

Dispatching of VPP

In a virtual power plant schedules are created for every DER to use the trading potential and to make the
electricity feedin more predictable. The planner cannot know all the details of the single devices and must
rely on an automated dispatching process.

The manageable devices of a VPP are often CHP devices, which provide heat to small district heatings or to
single buildingsHeat supply is at first priority. A heat overrun leads to an emergency stop, a lack of heat
may cause the distributed devices to switch to local control. Prediction of the demand of the smaller
consumer objects is more difficult and leads to intradayesicte deviation regarding electricity.

As the imperfection of the thermal load forecasts of the single houses may compensate each other, a new
balancing and a redispatch for the remaining day considering the new thermal situation is useful. This
intraday edispatch should be run in short time intervals to react appropriately to forecast deviations.

Usage of MILP algorithm for virtual power plants

The FfE implementation of a Mixed Integer Linear Programming (MILP) algorithm reveals that dispatching a
VPP wih that method does not provide the appropriate solution quality. The calculation time depends
basically on the occurrence of integer components, as shown in /Stimpfl 2010/. This issue has little
influence to an academic analysis of a VPP, however, it ipleoable for the productive and time sensitive
appliance of a pool operation. Additional to the ealyead dispatching, a rolling intraday planning is
necessary to balance the forecast deviations of the distributed thermal demands.

The optimization proldm differs from conventional power plant dispatching by the high number of devices
with similar production costsT@ble44). Similar costs shrink the difference between alternative operation
options and lead to a flat solution tree, which takes long time to work out.

Linear and heuristic algorithms achieve sans without walking through the solution tree and can provide
results in a significantly shorter time. However, the gain of calculation time means disadvantages in the
solution quality. For instance, if there are many identical devices linked to a po@ antlof the installed

49 devices would be enough to cover the electricity supply in a specific time step, there would be about 14
million options to combine the running devices. Of course, not all combinations are equal due to the heat
demand and storageisage, but the differences are slight and may cause problems to standard MILP
approaches. Heuristic and linear algorithms may solve faster by ignoring these small differences and by pre
setting the operation modes of the devices.

If there are plants withwide difference in the installed electric power, inappropriate settings in the
simulation tolerances may cause improper results. Too weak relative tolerances may retard an optimization
of the small device and probably lead to unnecessary stpst Stricttolerances do consider the operation
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of the smaller devices but increase calculation time. Heuristic and linear algorithms do not use tolerances
to stop the optimization process.

When redispatching the planning of conventional power plants, it is ofteficgrit to regard the merit
order of the production costs only. In case of CHP devices in single buildings ignoring the thermal situation
means losing synergetic effects of contrarious thermal forecast deviations.

Table44: Problemsof conventional algorithms used for VPP

Mixed Integer Linear Similar devices and market parameters Alternative Algorithms, which work without
Programming cause similar opportunity cost and a flat  browsing the solution tree, for instance

(e.g. for day-ahead solution tree. heuristic or linear programming
planning) algorithms.
A high number of devices can be Pre-allocation of the operation mode

combined to a huge number of variations through previous solution or heuristic
("6 out of 49"~14 mio. possibilities) - in algorithm.
every time step.
Linking mixed devices of small and big Usage of tight relative tolerance and
power output require narrow tolerances to moderate absolute tolerance. Heuristic
regard the operation of the small devices. and linear algorithms work without
tolerances.
Merit-Order of Ignoring the heat supply disregards the  Consideration of heat supply within
electricity producers synergetic gain of different heat demand algorithm.
(intraday planning) forecasts. Utilization of alternative algorithms
regarding the time limit.

Alternative Dispatching Approaches

This section introduces the conventional MILP based dispatch approach and to two alternative methods,
which were developed at the FfE.

The first algorithm MIPR (Mixed Integeérogramming Reference) is based on former FfE work and is used
as a reference to assess the alternative implementations. The modelling by equations makes this method
very flexible. It can be used for dayead or intraday planning and for heat led or etity led operation.

The LPH algorithm combines the linear programming with heuristic aspects. The linear optimization is run
several times, while heuristic intermediate steps ensure that-lwear conditions are considered. These
methods can be used fadl common planning tasks just like the MIPR algorithm.

The heuristic approach is divided into several specific application modes. There is the HHL algorithm for
heat led scheduling and HDA for electrical -déngad planning. HFIX is used for the intradagispatch,

when trading volumes are already fixed. A final MILP step can be executed by the HMIP method that hands
over the heuristic results as a initial value. A summary of these developed implementations is presented in
Fig.85.
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Fig.85: Implemented and tested algorithms for VPP

MILP approach
2AGKAY GKS-2INRENPOAIdzinSR wo gobaNdBvéer plark dishalziNDeS Beén dévebal
which is based oMixed Integer Linear ProgrammitgiLP.

The general form of a linear optimization problem can be written like showequration (68). The objective
must be minimized while regarding the constraints expressed by equationmequaations.

min{cTx|Ax = b, A, x =bg,} (68)
c'x  objective

Ax = b constraint of inequation

Aggx = b,y constraint of equation

The objectivequation (69)) of a linear model must be expressed as a polynomiaf' diegjree. In a power
plant dispatch the costs should be minimized. That is why there should only appear cost and revenue terms

in the objective.

€=y Xy +Ca XgutCp Xp=
(69)

_ T T T T T T T T
= Cpapr X+ CrgrX + Cpyp X + CpppX + CopappX + Copap X+ CppX + CpeX

c'x  objective

X variable

¢ objective coefficient

The single terms are groupdkematically and cover costs for a fictitious energy source and sink for electric

and thermal grids Z,;+x c¥,,-%), fuel costs dfygx), costs for boiler operationcf,x), startup

152



(cI4zr%) and load change costsX.,x) aswell as the costs and reveneues of electricity tradingy£)
and providing balance power {-x).

The constraints can be expressed as inequatiegsdtion3) or equationséquation 4 and are formulated
as linear terms like the objective.

Ax<b (70)
an'x1+ q3 'x:...‘l‘ iy "Xy = bl

a constraint coefficient (inequation)
X variable
b right hand side argument

Asqx = bsq (71)

I5"5!:3,1 '.'X.'1+ ﬂ'aq,z "Xa et a’aq,n Xp = IPJElq,l

dgq constraint coefficient (equation)
X variable

by right hand side argument

MILRPcharacteristics imply that every variat#gcan be defined as a real or integer number. It thereby can
take continuous or discrete values.

For power plant dispatching relevant objective terms and constraints are covered extensively in literature
[90-94].

Heuristic approach

Heuristic algorithms find solutions by following rules which are set up for a specific problem. This set of
rules can bdllustrated as a decision tred-ig.86). A global mathematic description of the problem is not
necessary. The advantage of the heuristic is the velocity to firappropriate solution. The disadvantage is

the noneoptimal result and the lack of information about the rate of the solution quality. Both, velocity
and solution quality, essentially depend on the implemented set of rules.

l

next time step

no

Qcre = Qmax

Qecnp = Load
e Qpgijen = LOAA-Q oy

!

Fig.86: lllustration of a heuristic decision tree
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Basically, the developed heuristic proceeds by improving a given initial value repetitively. The heat led
operation can be used as initial value. Based on this schedule the marketing revenues are improved by
shifting the CHP production to more profitable time steps. The possible shiftings are grouped according to
their purpose Fig.87).

Heat led A g&:
Start solution

Optimization for electricity selling to

wholesale market ﬁ g&:
Redispatch with the objective to shift

chp-production to times of high prices

Considering fixed contracts
Intraday adjustment to fixed contracts or
other preset parameters

Refining the solution with additional @

MILP-step

Optional: Usage of MILP-Algorithm with the found heuristic
solution as a start solution

07|

Fig.87: Steps of the heuristic dispatching

The intraday dispatch tries to correct the forecast deviations and tries to reduce the deviation of the
registered electricity schedule as well as a possible failure in the local heat supply. Additionally, it is possible
to use the heuristic result as an initial value for a final MILP step in order to refine the solution quality.

As a shifted CHP operation influences the thermal storage or the boiler, all changes are clustered to a so
called shifting scheme. A shifting sche §ig.88) bears a temporal limited impact to the schedule and may

be considered isolated, without changing the schedule in other timesteps or other devicesvdfgr e
scheme the shifted electric energy and the specific revenue are rated. As these schemes are seldom
independent, many shifting options are evaluated and only the most profitable ones are executed. For
instance, only a limited number of schemes whidatréase the storage level can be executed. The order of
the analyzed and executed schemes thereby influence the solution quality significantly.
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Fig.88: lllustration of the method of the heuristic algorithm

LinearHeuristic

Thisalgorithm, which is based on Linear Programming (LP), is used to dispatch non heat producing power
plants and considers the minimum load criteria without usage of integer compond&fs The
optimization problem of a VPP differs by the additional consitien of the thermal load. The LPH
algorithm provides a schedule after passing through 3 LP optimizations and 2 heuristic intermediate steps
(Fig.89).

Initially, the entire pool is optimized without minimum load criteria. This thus created schedule contains
time steps in which the CHP power is lower than technically possible.

The following heuristic (H1) analyzes the heat demand of the connected building and the amgcess
minimum and maximum operation time of the CHP device. The optimized operation time must be
inbetween that range to avoid heat overrun or an inappropriate boiler usage. Preferentially, CHP is planned
to operate in time periods in which the LP algorithmas calculated the highest production rate.
Furthermore, adjacent time steps are analyzed whether a focused production is profitable. If necessary,
further operation time periods are prset in the order of the LP result, until the required minimum
operation time is reached.
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Fig.89: lllustration of the method of the mixed linear and heuristic approach

The second run of the LP optimization does not hit the minimum load criteria any more, as for all devices

and time steps the dewicis turned off (upper boundary is set to zero for that purpose) or the lower
asi
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However, it can happen that in practice, the result of LP2 is not realizable, as the fictitious energy sources
and shks are dispatched in certain time steps. A following heuristic step analyzes these infeasibilities or

improper boiler operations and adjusts the operation {s&. The final LP optimization LP3 then can find

solutions, which come without heat ovasr underproduction.

The outlined method is suitable both, for heat and electricity led-alagad planning, as both modes differ
only by the used marketing prices of trading electrigjtyonstant prices cause a heat led operation in the

simulation.

Additional deail mayalsobe found in[96]
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Summary

Dispatching virtual power plants results in special demands regarding the optimization algorithm. The
common approach established for conventional power plants is usually based on MILP. The implemented
reference algathm does not perform sufficiently for productive usage of a VPP. A higher number of
devices with similar technical and economical parameters slow down the solution process. The developed
alternative algorithms lead to a faster solution, but achieve mipmwer trading revenues. It appears that
none of the investigated approaches fits best to all criteria.

The MILP method leads to best solution quality and trading revenues. The disadvantages are the long
calculation times and the unsteady operation chaeaistics. The latter can be reduced by introducing
additional constraints such as minimum down time, minimum up time, stprtosts and load changing
costs. Without these constraints the schedule shows many start and stop operations, especially in
transition times. The calculation time is sensitive to the number of devices with similar producing costs, as
they determine the flatness of the solution tree.

Applying the alternative approach based on pure heuristic algorithms yields shorter and model parameter
independent calculation times. The VPP is operated steadily without additional constraints. On the other
hand; trading results are lower than in the MILP solution. This disadvantage is serious as the profitability of
+ttd GAGK (2RI & Qarkefplesmargisal SOUNR OAGE Y

The third investigated approach combines a heuristic and a linear programming method. The steady
operation schedule and the short calculation time, which is achieved by avoiding integer variables in the
linear programming, are thadvantages of this concept. The dalyead results do not reach to MILP level,

but the LPH approach is promising as it can be developed towards optimized revenues in further steps.

2.4.2Control Strategies for Cogeneratiddystems with Lithiumlon
Batteries
(National Research Council Canada)

Introduction

Lithium ion batteries at ratings around a 2 kW/6 kWh level are expected to play a role for residential power
supply and storage. It is envisioned that they can provide some economic benefit undesftume (TOY

pricing structures. Storing energy can also reduce peak power demands as well as offset costly
infrastructure upgrades to electrical power grid networl&Z][

Micro-cogeneration devices are making inroads for electricity generation at the residentél TEwese
devices include internal combustion engines (ICE), solid oxide fuel cells, proton exchange membrane fuel
cells, or Stirling engines. They typically generate less than 15kW of electricity and are located within the
household. When producing elettity alone, micrecogeneration devices yield poor efficiencies, however
when configured in systems that recover thermal energy generated in the electrical conversion process, the
efficiency can rise to over 80%, referenced to the higher heating valleedtiel. Pg]
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Community Systems (IEA/ECBCS) was focussed on reducing residential electric demand using micro
cogeneration devices through study with whddailding computer simulation software99|

A residential micrecogeneration system consisting of a CHP unit, PV panels aAdradiorage battery
will be simulated here under various scenarios, in order to gain insight and make recommendations for
suitable &rge-scale battery sizes and architecture for overall energy use efficiency.

The quest for higher energy/power density lithium batteries has led to research on higher voltage cathode
materials to replace the commonly used LiMM® = Co and Ni) and LiMD, A common mixed metal
spinel, LINMC is the cathode material in the battery pack prototype developed by Electrovaya, which is
modeled in this study.

NRC laboratories have had success in developing materials that improve battery performance and can
enhance residential energy storage (RES) units integrated into ndogeneration systems. For
comparison, a second cathode material will be considered in this paper, lithium nickel cobalt aluminum
oxide (LiNjgC@ 15Ak.0s3, or NCA). It is a leading candidatg fithium-ion batteries due to its high capacity

and durability. The nominal voltage is 3.7 V, and the material capacity is in the 150 to 180 mAh/g range.
[100] NCA is less common in the consumer market, but is often found in the automotive industry.

Battery Cell Model

In a lithiumion battery, lithium is stored or removed from the active cathode and anode materials by
diffusing through microrscale spherical electrode particles. This step is driven by the intercalation current
and can be described byti@ansient spherical diffusion equation:

Bei _Did (13
dtr  rZar (1" E‘r) (72)
i = (pos,neg)

where ¢ is the concentration of lithium inside the spherical particle, r is the radial position inside the
spherical particle and ;s the solid phase diffusion coefficient in electrode i (either positive or negative).
Eqg. 1 has boundary conditions:

deoj
D, %= , (73)
at r=Rp

deoj deoj

ikt QG in RS 74
Dlﬂr LBE 0 ( )
at r=0
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where Jis the intercalation current density at the surface of the particle, described by Bblener
kinetics:

Ji = lga [ENP(;_;T'I'L) — Exp (;_f""li)] (75)

and the exchange current density is,
0.5 0.5
igg = Fkees (Crnaxi — 8iCmaxi)  (8iCrmai)  Co™* (76)

where k.. is the rate of the electrochemical reactiof,, ., is the maximum concentration of lithium that

can be stored in the active materidl,is the electrode stat@f-charge (SOC) aril is the lithium salt
concentration (mol r3).

The intercalation current density is related to the applied currant the internal surface area of the

electrodeS. ThusJ=l/S. With this definition, the electrode overpotentiat;, can be solved in E¢Z5)
to calculate the electrode potentials:

Gi1i=m;+ P2+ E¢; + JiRsim, (77)

where Rg ; is the film resistance on the electrode particle, afg.¢; is the reference potential of the
electrode. Subscript i refers to either the positive or negative electrode.

The cell voltage is then simply defined as the difference between the poaitid negative electronic phase
potentials:

V= qbl;,u - qt'l,:—: (78)

Full detail is given inp1], and further general description of the singlarficle model is available in [102

103]. The single particle model assumes that the majority of the cell polarization iisuéttd to the lithium
diffusion in the active material particle and the kinetics of the charge transfer reaction. In such
circumstances, the gradient in the electrolyte concentration and ionic phase potential can be assumed to
be negligible, allowing fopatial distributions within the cell layer to be treated as uniform.

Battery EnergyUse Model

Battery charge and discharge processes can be represented empirically with a lumped capacitance
assumption and state variabled(4]. This approach uses ®ference curve based on data fit to a
polynomial curve for battery depth of discharge (DOD) as a function of-opeumt voltage (OCV). This
approach scales the reference curve by factors which depend on the battery current and temperature, and
are ungue to each battery chemistryOutput from the electrochemical battery cell model is used to
characterize this energyse model.
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The voltage during discharging is given by:
vV (t,DOD, I (t)) «bO@®CV (DOD) 1 I (t) (79

where I(t) is the currenfamperes) and Ris the internal resistance (ohms). At different currents, there is a
shift of the voltage as a function of DOD, equal to the internal resistance multiplied by the current.
Simulations in energy use simulation occur at discrete {#tepsin a quasisteadystate manner within the

time interval. The battery current is considered constant over the course of adiepe Under transient
load, the current is updated for the next tirstep. At a given DOD, an imposed power load P, where P = |V,
determines a required curren{t) based on the cell voltagépplying this current over a time step will
cause a small voltage drop, and correspondingly advance the DOD via:

—Ar It}
af cap

ADOD = (80)

Numerical implementation of the simulations took place as follows. sitgleparticle model was run to
characterize the cells at different discharge currents (beyond what can be done wsdifelyaboratory

measurements)Sets of discharge curves are then cufitevith the Gao model parametersl@4] (w, i ,
reference capacity) to provide an engineeritygpe model to be used in the energy use scenario

simulations. The singlgarticle model was programmed using Python and the Scif$] [and Numpy
numerical libraries, while the energy scenarios were run wipei@OANMsoftware [106 .

Ontario Energy Environment

The province of Ontario in Canada has a TOU pricing scheme for electricity. The details of the scheme are
shown below inTable45. [107)

Table45: Ontario Timeof-use electricity pricind11]

Time s ¢/kWh BHllED 6/kWh
(May-Oct) (Now-Apr)

07h-11h Mid-peak 9.9 Onpeak 11.8

11h17h Onpeak 11.8 Mid-peak 9.9

17h-22h Mid-peak 9.9 Onpeak 11.8

22h-07h Off-peak 6.3 Off-peak 6.3

In addition to the TOU rates, there are also delivery fees charged to customers of the grid, encompassing
transmission, local deliveryow voltage service and regulatory costs, totalling 4.43 ¢/kWh, as well as
$9.42/month fixed charge. [108

As of April 2012, there is a fedd tariff for residentially generated PV electricity. For the case considered
here of solar rooftop, the ratés 54.9 ¢/kWh. Full details of the program are availablel@g][ For the
moment, the Ontario PV feeith is so generous, that the only real sensible action is to sell PV power to grid.
It is envisioned however, that in the future, when residential P¥obses more of a standard installation,
normal market rates for electricity will apply for smanetered PV electricity.
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In a similar way as with electricity, natural gas is distributed and sold by Ontario utilities. There are gas
usage rates as well atelivery and fixed charges for consumersl(]. As of February 2013, the rates
(Enbridge Gas) are $0.2582 ¢/and a fixed service charge for customers of $10/month.

Energy Use SimulationsComponents

To demonstrate the capability of the-ibn model, adetached singldamily house located in Ottawa, ON

was used. For energy use estimates, it had a floor space of 12thdna volume of 528 m3. {1]. A
6SFGKSNI FAES 2F haGdlFéFX hb FNRY wnnyx O2F a&@iSR
with data from [113] were used to produce thermal loads for the house for 10 minute intervals for one

year.

A paper presenting new measured data on the electrical consumption of a sample of 12 Canadian houses
was used to provide the electrical load profilg$14] Measurements at <nin intervals were taken of
whole-house electricity draws. These profiles were reintegrated temifute intervals to correspond to

the overall data set used in the present paper. The data from house @4hvere used, as theduse size
corresponded closely to the house size upon which the thermal loads were based.

Photovoltaic data were obtained experimentally on the NRC installation at the Canadian Centre for Housing

Technology test house, in Ottawa, Canada. The 2 kW PV sgstasisted of two strings of 7 amorphous

silicon PV laminate, rated 144 W per laminate. The rated efficiency was 6.7%, while the measured efficiency

of the installation is 5.3%. The slope of the roof is 34.1°. The system and roof are oriented 13° @at$t. of s
Data at 5minute intervals were taken for a period of more than one year in 2011 and 2012.

The CHP unit included in the model is based on the Aisin Seiki GECC 46 A2, which is rated at an input power
of 18.0 kW, with 4.6 kW of electric power outpdtl..7 kW of thermal output for efficiencies oél of 0.255
and' th of 0.585. [11p The unit can be operated with natural gas as its fuel.

Table46: Liion battery specifications.

Parameter Specifications
Technology Lithium lon SuperPolymer®
Chemistry MN-Series
Capacity 120 Ah
Energy 6 KWh
Voltage Max. 56 V
Nominal 52V
Min. 46 V
Charge* Max. 80 A
Discharge* | Continuous | 80 A
Pulse 130 A (surge)
Operating Temp. 0to +45°C
Storage Temp. -20to +60 °C
Dimensions 78 x 31 x44 cm (L x W x H)
Weight
Shelf Life >7 years

* Inverter Limited
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The Liion battery is based on a prototype residential storage battery made by the Canadian company
Electrovaya. It contains LINMC cells of 37.7 A-h capacity -@elapgharallel, 14ell series pack architecture.
Table46 outlines the battery specifications.

Plant Configuration

Fig.90 shows the components included in the MC@diation, and their connectivity.

The control logic employed in the simulation is straightforward. Scenarios can be considered with the PV
and CHP either present or absent. They can also be configured to connect to only the house (electrical load)

or to bath the house and battery.
PV power
(W)

House
Electric
Load

(Wiono)

Li-ion
Battery

DISTRIBUTION
GRID

Fig.90: Components and connections in the energy use simulations.

In general, the battery discharges during the-@dak TOU period, and will be charged during the {géak

and OFfpeak periods. If either or both of the PV and CHP produce more power than the house load,
during the ONpeak period, the battery could be cliged then as wellFig.90 depicts the logic flow sheet

for this case. The CHP unit is always operated in a thermally led mode. ICE was a suitable CHP technology
for Canada, since it can serve a highly variable thermal load, without generating waste heat. Considerable
scope exists for developing sophisticated control algorithms for integrated full system optimization.

Results

A number of scenarios were investigataal éxplore the interplay of the components, and the effects of
system configurations and various parameters. In this case, the active componentsyatheohbuse, grid

and battery.For a 6kWh battery in this system, it is sized so that it regularly cgeeply, which is
appropriate.Cost analysis shows that tirshifting with the battery reduces annual electricity costs from
$1050 to $1009, requiring the equivalent of 247 battery cycles. When the battery does not simply go from
fully charged to dischargéut oscillates in its DOD, the number of equivalent cycles can be defined as:

cycleseguiy = X M:;ﬁ) (81)
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Under the same control schentdg.91 shows the effect of cell capacity on annual cycle requirements, and
suggests that cell capacities upwards of 40 A-h will provide the desirgéa@Gervice life.The current
LINMC cells hava capacity of 37.7 A-h.

400 - - 40
- 35
S 300 - - 30 E
< o
E - 25 =
S 200 - - 20 2
> -=— cycles/year | 45 >
f) . U
E 100 4 - battery life [ 10 E
(basis: 3000 cycle battery life)
0 7 7 7 7 7 0
0 10 20 30 40 50 60
cell capacity (A-h)
Fig.91: Annual battery cycles and projected battery life vs. cell capacity.
1050 n__ electricity cost without battery 4 300
= ©
> ]
~ >
ey 1 200 o
- v
- o
w wy
S 1000 2
Z )
g -=- electricity cost { 10 =
t=1 Q
b -=— cycles/year o]
] 2
-+ Electrovaya prototype
950 L] L] L) L] L] 0

0 2 4 6 8 10
number of parallel cells

Fig.92: Annual cost and equivalent cycles vs. number of parallel cells fét1# architecture.

Fig.92 above shows annual costs and the number of equivalent cycles for a battery pack with a varying
number of cells in parallel and 14 cells in seriBsese simulations consider only TOU shifting between the
house load, grid and battenAs battery size increases, the cost benefits will lefeadnd cease to improve.

Many different usage scenarios were simulated with the model described above. d$i®wrovide an
overview of the possibilities of configuring a residential system in Ontario with an ICE CHP unit, PV power, a
large Liion storage battery and interactions with the distribution grid. For cases without CHP, thermal
loads were assumed tbe handled by a higbfficiency gadired furnace, with a 98% thermal efficiency.

[116] For the load profiles used for the house in Ottawa, the total annual electricity load was 7328.62 kWh
(20.1 kWh/day), and the thermal load was 37487.51 kWh (102.7 ksyi/d
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A number of observations can be made upon inspection of these results. In general, the TOU schemes in
Ontario only allow for an insignificant cost savings for a system with only a battery. Under 2007 TOU rates,
this scenario was more cost effectittean now. P7] A more pronounced difference between dak and
OFFpeak prices would be necessary to make such operation more viable.

The PV panels at market electricity rates would cover about 27% of the annual household electricity cost.
The PV unitvould supply about 30% of the required electricity, but the lost 3% cost comes from grid
connection and supply fees.

Given the high winter thermal loads in Canada which become much lower at other times of the year, the
ICE CHP unit is a suitable choicet®ability to operate at variable output in a therrdald mode. Despite
requiring natural gas to cover the annual thermal load priced at $1730 (compared to $1090 for a
conventional gadired furnace), the ICE CHP unit significantly offsets this costdicing the electricity

cost to under $50/year. The largest operating cost savings are obtained with CHP, PV asdrtloattery,

but of course, with a much larger capital investment. The control strategy for the battery was to discharge
is during ONpeak periods. For comparison, the system was run with discharge during both ON and MID
peak periods. Such a strategy gave small cost benefit at the expense of roughly a 60% increase in battery
cycling. Noting this, a simulation was tried with the bagtdPVV+CHP configuration, that did not allow the
grid to charge the battery, giving a total annual cost of $1642, about $100 more than allowing grid charging,
but with only 29 cycles required, compared to 45 for the case with the grid helping to chargattes/b

Conclusions

A simulation model has been developed using a-8i@p approach beginning with a fundamental
electrochemical cell model to simulate battery operation for anode, separator and cathode layers used in a
residential prototype largaize Ldion battery supplied be the Canadian company, Electrovaya. These cell
discharge curves over a range of currents then provided a framework for producing a simplified lumped
capacitance engineering model to serve in energy use simulations for a typicahddthouse in Ottawa,
Canada over a one year period. The household energy system consisted of a grid connection, PV panels, an
ICE CHP unit and ai&n battery.

The principal benefit in terms of economy was to include the CHP unit, operated in a tlyeledathanner.

In the Canadian context, the cogenerated electricity significantly offset the electrical demand and provided
a net annual cost reduction of almost $400 when used alone, and about $600 when used together with PV
panels and a battery.

It was ado found that use of the battery and the PV panels provided cost benefits independently, but to a
lesser degree than the CHP unit. Several control strategies were examined for the energy system. A main
finding was that operating cost optimization could Achieved with aggressive use of the battery allowing
excess PV or CHP power to charge it duringp@k and MIBpeak TOU periods. In the scope of the
annual simulation, the cost savings were in the $20 to $50/yr range, but the number of equivalenybatte
cycles almost doubled in doing so. For the overall conservation of the system, restricting charging in MID
peak and OMNpeak periods would be advisable.

For the residential system considered for operation in Ottawa, Canada, the battery pack sizellsfid ce
parallel and 14 cells in series with an overall rating of 6 kwh / 2 kW, was found to be good. Simulations
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with a hypothetical battery using advanced LINCA material of higher capacity showed improved
performance and less battery cycling.

2.4.30ptimal Qperation of CogenerationDevices for Imbalance
Reduction
(KULeuven,Belgium)

The model performs a mixed integer linear optimization (MILP) that aims to schedule a Virtual power plant
(VPP) integrated by several cogeneration devices (CHP). In generaljritnal power plant sales its
electricity in the spot market and is part of a balance responsible party (BRP). This entity in Belgium is in
charge to keep the balance in its perimeter.

Cogeneration devices

In order to include a cogeneration device in a MILP, it is assumed that the modulation of the cogeneration
device is linear and varies between a maximum and minimum operating points. This assumption is valid for
most gas engines as shownHig.93. This figure illustrates the steady state characteristics of the Ecopower
micro-CHP. which is a gas driven engine that enables full modulation between 1.2 kWe and 4.7&wWe (3
12.5 kWth)[117]. It showsthe linear relationship between electric and primary energy (dashed line) and
the electric and thermal energy (full line)

20

o ©
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Electric production [kw]

@ Primary vs Electric B Thermal vs Electric

Fig.93: Technical characteristics of the MictGHP EcopowePlus.

The device exhibits almost linear relationships between the electric and thermal output, as well as between
the electric output and the fuel us@hese relationships are described in Equations (82) and (83).

Qurim = 3.87 - E pp + 0.79  ON (82)

Qo= 2.54 " Eopp+ 0.68 x ON (83)
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Where Qn, and B, denote the heat production and electricity produced by the CHP respectivgly.i€Q
the primary energy consumption and ON is an integer variable that indicates the on/off status of the
device.

Rolling horizon approach

The optimization was performed ia rolling horizon approach. In a first step the making use of the
forecasted variables (e.g. solar prediction, spot price forecast etc.) a first optimization is performed to
decide the amount of electricity bided in the dajiead market in the next perio@.g. the next 24 hours).
Afterwards, at each time step using the actual values the optimization is repeated and only the first step of
the simulation is implemented in order to account for the difference between the forecast and the actual
values, depiad inFig.94.

Prediction —_—

r

‘ First optimization

Everytime step

Fix |
TD T1 Tn+

Fig.94: Rolling horizon approach.

Hrst optimization algorithm- Cost minimization

The objective of the cost optimizatioalgorithm is to minimize the operational cost of the system as
expressed in equatiorBd) and extended in equation (85The operational cost is the sum of the fuel cost
of the CHPs and boilers (CCHR:\£On the other hand, the savings(G) can incltiderevenues due to the
electricity that is sold to the grid and the savings due to the-gaifsumption of the electricity generated
by the CHP (If this last one is considered):

T
minobjective function= Z(Eas t(t) — Savings(t)) (84)
=1
T
min= > (Cenp(®) + Cooiter (1)~ G(1)) (85)
=1

The optimization is constrained by several operational amctiécal conditions. The operational constraints
ensure that the heatlemand (Qemand Will always be met using the CHR(JQ the boiler (Quier) Or the heat
that is (dis)charged from the storageJ(As described in equation 86:

Qdem-uﬂ-d(t} = Qckp(t} + Q&niie-r(t} + Qc(t} (86)
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The state ottharge of the storage tank {jis calculated using equatidB87). The efficiency of the storage

tank ( )" is assumed to be constarfhe analyzed time stegf) is 15 minutes:

Q3s(ﬂl = (ﬂss} * qgs(t - 1} - Qc x AL (87)

On the other hand, some technical restrictions prevent to exceed the operational limits of the machines.
These are expressed in equatid88)¢ (91)for the storage, the boiler and the CHP respectively:

0= q.(t) = Germax (88)
0 = Qpoiter (£) = Qpoiler max (89)
Qchp min = Qehp (£) = Qepp max (90)
Echy min = Ecnp(t) = Ecpy masx (91)

Other technicakonstraints control the minimum start up time of the CHP device. This is performed as in
[119 and it is important to consider in order to avoid wearing out of the machine.

As no heat connection exist between the houses, each system has to satisfyiitdualdheat demand,;

thus, equations (82§ (85) and (88) ¢ (91) apply to every individual CHP. On the contrary, the electric
demand is the aggregated electric demand of the houses. Therefore, the electricity generated by the CHP
(Enp) is equal to the surof the individual production of each CHP device:

Ecyp(t) = Z Ecpy (i t) (92)

Second optimization algorithmimbalance reduction

Two different approaches are evaluated at this point. The first concept aims to reduce physical imbalance
anytime this implies to attach as mues possible to the schedule proposed the day ahead. The second
approach aims to offer a service to a balance responsible P@BP) to reduce their imbalance.

' The efficiency of the storage tank represents the percentage of heat that remains in the storage after it has
been stored during one time step.

% Balance Responsible party is responsible for keeping the balance between injections-tale®fin its perimeter
for each time period meaning.
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VPP Physical imbalance reduction

In this case the objective function of the second optim@atroblem is to minimize the imbala@@rror.

As stated in equation 93his is the difference between the real outpi.{(z)) and the forecasted output

(P.;(t)). This optimization is performed every time step once the real PV output is obtained.

T
objective = minZIPE;(t} —P_(0)] (93)
t=1

Although the objective function is different, the optimization has the same constraints previously explained
and described in equations-BL. Nevertheless, andditional constraint guaranties that the imbalance is
always covered either by the actual CHP output (ECHP_Real) or getting the electricity from the balancing
market (Elmb) as expressed in equati®@4)Fehler! Verweisquelle konnte nicht gefunden werdenThe
variable Elmb can be positive or negative depending on the nature of the imbalance klwoe.
information of this approach can be found[it2Q].

P.i(t) = Poy(£) + Ecup veal(t) + Epmp (£) (94)

Imbalance reduction as a service

As explained before this approach assumes tihat VPP of aggregated mic@HPs is used by a BRP to
lower the imbalance caused by the BRP and thus lowers the imbalance tariff that Elia applies to this BRP.

Thus arextra profit can be obtained by taking into account the total system imbalagcedhd driving the
vpp imbalance in the right direction.

ﬁPE:(t} = PE!(t] - ﬁa!(t} (95)

In other words the sum of all CHPs will be regulated in the direction required by th&@hiS@eans that if

there is a deficit in the system balana&,;(t) should be positive (upward regulation), on the other hand if
the system has a surplus downward regulation is requirElis is guaranteed using equation (96).

ﬁpe!(t} =0 GTSign{ﬁPel(t}} = —.'.i'ig‘.l'l,(fms (t}} (96)

The objectivefunction is described in equatio®y?, it aims to maximize the extyarofit obtained which is

given by equation where; indicates the imbalance price andF(t) is the extra expenditure or saving in

fuel cost of a particular CHP in the aggregatNote that if supporting policies such as green certificates
that are given to CHP producers are taken into account, they should be summed up in this equation

% Authored by Ruben Doncel, Jens van Engeland, Juliana Zapata and William D'haeseleer
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T
objective = max Z{ﬂ.PE;(t} “ Pimp — AF(E)) (97)
t=1

This approach guaranties that the imbalance service will be provided onlygfdfitable for the VPP to do
so this is the main advantage compared to the previous approach.

As well as in the previous cases the technically and operational constraints stated in equatiorasel
applied. Further information of this model can be found121]]

2.5 General Model Simplification

In a more general vein, work has been undertaken to simplify the parameter requirenitfis\hen
employing the Annex 42 approachEA/ECBCS Annex 42 produced a-peder model for simulating the
performance of conbustionbased micrecogeneration devices within wheleuilding simulation programs.
This model had been previously calibrateg Annex 42 participant® represent the performance of one
particular SE microogeneration device and its validityas partially assessed using a limited set of
empirical data.

A study was undertaken to critically assess and improve the Annex 42 modehfibustionbased micre
cogeneration devices A extensive experimental data set that was collected specifically foptinposes

of improving this model. These experimental data were gathered from a prototype SEcuggneration
device with a net electrical output of 730 and a thermal output of EW. Measurements of parameters
that were critical for model calibration anvalidation were recorded at 1€econdintervals. The test
matrix, based upon the Annex 42 experimental protqcwmicluded several 3fhinute-long experiments
under steadystate conditions. These experiments spanned a range of cooling water flow ratengimd
inlet temperatures in order to produce a data set suitable for critiquing the functional form of the steady
state efficiency performance equations of the Annex 42 model. The new data set also includep stad
shutdown modes of operation used tassess the Annex 42 moiled treatment of transient states.

Based upon the experimental observations, a rlevwinear differencéd formulation was proposed as a
replacement to the steadgtate efficiency equations in the Annex 42 model. This is found to e m
representative of actual engine behaviour, requires fewer experiments to calibrate, provides transparent
results, is less sensitive to erroneous calibration data, and provides greater accuracy between calibration
points.

The new experimental data hawerified the appropriateness of the Annex 42 mddel treatment of the

fuel flow during shutdown. However, observations based upon these same data have resulted in proposed
changes to the treatment of electrical production during both sigptand shuidown. Specifically, new
functional formulationsvere put forward for these transient modes of the Annex 42 model.

It must be noted that these proposed improvements to the Annex 42 model are based upon data gathered
from a single prototype SE micomgeneration device. The general applicability of the proposed changes
should be tested using experimental data from other SE and ICE-anigemeration devices.
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These proposed model improvements have been implemented into a developmental version of the ESP
simulaion program.Furthermore, he data set gathered in this work have been used ¢alibrate the
improved Annex 42 modelnd to validate its implementation intBSR.
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3 Overview and Concluding Remarks

The present Annex 54 is the successor of Annex 42, which was focussed on demonstrating the benefits of
combined heat and power on a residential scale along with developing standardized models of micro
cogeneration equipment in order to raise the profiletbé promising technologies and thereby facilitate its
uptake, reputation and regulatory support. Annex 42 ended in 2008 and in the present Annex 54, the focus
has visibly shifted to research dealing with a more mature technology, and the attendantngesllin
ensuring and enabling its adoption, reliability and versatility. In terms of prime movers, the set of devices
has remained the same since Annex 42. What has evolved however is the attention given by the research
community to the large range of ailiary devices that have been incorporated into residential mcHP
systems. This evolution has been in recognition of the requirements for overall enseggfficiency for
residences, and the understanding that variability in climate, political aedggrncontexts all play a key role

in determining the most coseffective ways in which to design and implement mi€dP systems. Since
Annex 42, there has been a significant emphasis placed on energy storage, as optimizing efficiency with
either a thermdly-led or electricallyled system naturally leads to situations where the temporal load
demands of one of the forms of energy results in the production of an excess of the second form. Very
significant benefits have been shown to arise from incorporagingrgy storage units into balanad-plant
configurations. Table47 summarizes the progress in terms of residential energy equipment considered
over the course of thse two succeeding IEA Annexes.

Given the shift in emphasis from the individual components used inf@rPAnnex 420 system design

and configuration in Annex 54, the interplay and compatibility of devices has become an important
research topic. In viewf this, the subsection 2.4 of section 2 of this report was focussed on control logic
and systems for microogeneration. It has also become evident that the scale of the CHP system is critical
in determining is economic viability. For example, a studg included here on energy storage with
batteries, where sizing the battery pack was a key research objective. Further, it has become evident that
single residence applications may restrict the benefits of a broader implementation of-ocdgemeration.

In view of this, systems are beginning to be considered on a community or shared level, and the logistics
and control of such systems are introduced in this report with work done by the participating group from
Japan. Beyond this, the subject of incomong micrecogeneration systems into trading schemes via
virtual power plants is also being studied.

The evolution towards a higher level view of CHP components as part of energy use systems is also
reflected by the accompanying large recent increasedtivily in the area of supporting governmental
policy instruments being enacted to support adoption of these technologies. Information on developments
Ay GKA& | NBIF Oly 68 ¥F2dzy R AYConipkrative! R¢gwWes & MiprogenkiBtibd? NJIi
t 2t A0@ LyadNdHzySy.Ga Ay h9/5 /[ 2dzyGNRS&E

The material covered and presented in this reports reflects the recent research focus of groups active in the
micro-cogeneration sector, responding to the current understanding that benefits from adoption of CHP
prime movers are best obtained with a measured system design that accounts for local environmental,
housing, energy context and political factors. As such, modeling efforts have moved to include modules on
the conventional modeling platforms such as #SPnsys and Energy Plus reflecting the operation and
performance of a large number of additional energy storage, heating and cooling devices.
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Table47. List of equipment modeled in Annex 42 and Annex 54.
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