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Executive Summary

Executive Sumary

Micro-generation is a novehethod for producing heat and power on sisndnear the end

user with high reliability, efficiengyand security of energy supply. The variety of micro
generation technology choices and applicatiamstrongly dependnt on a building@ electric

and thermal load profiles. Building integration of miggeneration systems is challeng
becausethe loads are small and stochastic nature, and the diversity is high. Given the
rapidly increasing numbers aoficro-cogeneration installations around the worlthere isa
pressing need for knowledge to enable informed choices to be made on where and when
the installation of micrecogenerationsystemsis appropriate. To properly integrate these
systems in building a significant number of operational and design issuesst be
investigated and resolved.

¢CKA& NBLER2NILI O2yidlAya (GKS NBASEFNOK FAYRAY3IA
Energy in Building and Communitiesogramme(lEA EBC)vhich was esthlished in 2009 to
further develop simulation models and performance assessment technigtfesting the
integration and future penetration of micrgeneration systems in buildings. The Annex 54
research encompassehe broad range of endises of micregereration and the systems
within it that might be deployed. The work reflestthe stateof-the-art and future
performance in micrayeneration including integration with energy storage and demand
side management technologies (e.g. responsive loads or dyndericand control), virtual
utility, and smart energy networks. Finally, given the ubiquitous nature of this technology
and its broad societal impact, the research results are accessible to a broad audience
including engineers, policy makeend businesses.

Annex 54 successfully developed models of mganeration units and system components
and implemented them intgerformance simulation platformfor state of the art building

A huge amount of countrgpecific data has been collected from laboratongdield testing
and has beenused to determine demandide profiles and to gain knowledge on micro
generation system integration and performance under variety ealrlife operating
conditions.

The country-specific synthesis analysiperformed by Annex54 revealed generic
LISNF2NXIFyOS GNBYyRa | yhe appropHate Sdeploynént aii Kndzy o €
generation technologies. The developed assessment methodology established common
reference points for performance comparison, assessment methodplagg netrics as

-
-
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0 Executive Summary

well as forthe identification of generic not countrgpecific factors affecting the viability of
micro-generation systermand their appropriatadeployment in buildings and communities.

A selection of the range of support mechanisms to incexgivihe adoption ofmicro-
generationtechnologyhas been analysedt is recognizedhat the supporting schemes can
change quickly andas suchthe countryspecific incentives and grants\yebeen examined
over the life time of the Annex. As such, the repprovides a snapshot of feed tariffs,
grants, building regulationsnd the role of micragyeneration and associated technologies in
smarter energy systems.

10
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1 Introduction

Annex 542 F (G KS LYGSNYyFdA2ylt 9y SNHe ! Ji€ylgdanme 9y SNH ¢
(IEA/BBC) was established in 208® examine thed LY G SaANI A2y 2F aAONR3ISYS
¢ SOKy2ft23A8a Ay . dziA f RA y A tagksharatl KaBabdrayivg Egearah Iprajec2 NB | v
involving @ organizations fromten countries. The caonbined onsite generation of electricity,

heating and cooling energy ian emerging technology witkignificantpotential to deliver energy

efficiency as well aenvironmental benefitsthroughreduced primary energy (PE) consumption and

lower greenhousegas (GHG) emissions.

Background

The sarting point of Annex 54vas the workperformedwithin IEAECBCS Annex f21]. This Annex
focused onthe modelling of fuel cells and other micamgeneration systems. Some of the major
outcomes included: hot wateand electrical load data for use in modelling studies; calibrated models
of fuel cell,internal combustion(IQ engine and Stirlingngine (SE)devices; experimental protocols
for the testing of devicesgnd empirical validation datasets and courdspecifc performance studies

on residential micrecogeneration systems.

Given the rapidly increasing number of migrogeneration installations around the worlithere was

a pressing needo conductfurther research to enable informed choices to be made on whesnd

when the installation ofa micro-cogenerationsystemis appropriate. The research of the proposed
follow-on Annex 54 should encompass the broad range ofuses for micregeneration, and the
systems within which it could be deployed. Furthermore thork should properly reflect the state
of-the-art and future performance in micrgeneration including integration with energy storage

and demaneside management technologies (e.g. responsive loads or dynamic demand control).
Finally, given the (poterdlly) ubiquitous nature of this technology and its broad societal impact, the
research results from the Annex should be accessible to a broad audience including engineers, policy
makers and businesses.

1.1 Focus of Annex 54

The focus of Annex 54 has beenftgd from model development and experimentation (Annex 42)
towards a more expansive analysis of micomeneration and associated technologies. The scope of
activities encompags multi-source micrecogeneration systems, polygeneration systenasmd
renewable hybrid systems and their integration in supply objedslditionally, components as
energy storagesystens and advanced control systen@e included as well as demandide
management technologies.

Performance of integrated systensanaly®d, as wellasthe wider effects of micregeneration on
low-voltage power distribution systesn

The workfocusesmainly on the simulation of numerical models of integratedicro-generation
systems.The data were derivedfrom laboratory experiments and field testing rs&es to calibrate

11



1 Introduction

models and derive load profiles. The results are performance stutdieshe efficiencies, economic¢s
and environmental impactin terms of primary energy consumption and £fnissions of micro-
gererationtechnologies.

Additionally,diffusion strategies for the mass deployment of miggenerationrelated technologies
are examinedthis activityencompasses regulatory and market revievalong with data emerging
from the technical analysis.

1.2 Sructure of Annex

To accomplish the aforerioned, the three subtasks have been defined to organize the work of
Annex 54asillustratedin Fig. 11:

Subtask A: Technical Development

SubtaskA undertakes the model development and data collection activities that underpin the work
of Subtasks B an@, with the emphasis on the optired operation of micregeneration systems. This
requires the development of models of contemporary miegeneration devices and controllers to
maximize the energy performance for locahnd possibly communifyenergy needsn different
operational scenarios.

This work also involve the specification of boundary conditions for the modelling of micro
generation, especially the establishment of appropriate hot water and electrical demand profiles.

Subtask B: Performance Assesent

SubtaskB uses simulation as a meas to develop an extensive librargf performance studies
covering different technology types and combinationgncluding the performance in different
countries and with different endsers. The $mulation work initally focusses on
improving/optimizing the performance of basic but realistic miggeneration system configurations
in a limited set of operational contexts. Subsequent work featuaewider range of system
components (such as electrical storage techn@syisystem functiongnd endusers.

A synthesis analysisdzy RSNIi | { Sy 6AGK | @ASg (G2 ARSYUGAFeAy3
2F GKdzyoé¢ NBIIFNRAYy3I GKS -bebdlrangd teltologieS. THsSdgifsBe® Y Sy (i 2
establishment of ammon reference points for the comparison of performance, requiring agreement

on a common assessment methodology and meréesl the identification of generic demand and

supply technology characteristics.

The Subtask will focus on the applications of rovgeneration in individual residences, multi
residences and small commercial buildings. However, the scope of the work also encoespass
mobile energy systems such Bsg-in Hybrid Electric Vehicles (PHEV) and more conventionab&Vs,
well asdemandside managementhroughother appliances

12



1 Introduction

Subtask C: TechnicalRobust Mechanisms for Diffusion

Micro-generation is an emerging class of technologies,, asd suchis only partially or poorly
understood interms of market introductionFor example, early ntels of micregeneration support

in the residential sector are closely tied with energy efficienuywever important technical and
economic tensions/synergies exist between these interventions. Given interactions such as these,
there is a risk that commneialization and support strategies devised by decision makers will lead to
underperforming installationsTo reduce this risk, decision makers require unbiased information
regarding the interaction betweerthe technical performance of micrgeneration andthe
mechanisms for the diffusioof these systems

Given the importance attributed to mic\B8 SY SNI GA 2y Ay YSSGAy3a Ylye 02
targets (i.e. requiring substantial penetration), Subtask C will draw upon +sdeaie technical

analysis to asess the ability of micrgeneration to enter the marketandto deliver on national and
international energy policy objectives.

The Subtaslbeginswith an analysis of the technical implications of current regulatory approaches
supporting the deploymenbf micro-generation in OECD countries. Following on from this, case
studiesof micro-generation commercialiion in a variety of OECD countrie® developed, drawing

on performance assessmenemerging from Subtask B. The aforementioned tamlesundertaken

with a view to identify the key characteristics of the interacidietween technical performance,
econanic instrumentsand commercialiation strategies for micregeneration.

Technical
performance

,’SubtaskB

|

: : Environmental System

I Economics \ L,
I impact optimization
I

I /
AN T D

e LR ____ee=

fSubtask C

. p— —

I

: Policies and

I Regulations

|

~

Figue 1-1: Strucure of Annex 54.
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2 Micro-Geneation Technologies and Systems

2 Micro-Gereration Technologies and Systems

This chapter delivers a short overview of the migemeration equipmentalso including balance of
plant componentsinvestigated during Annex 54.

2.1 Combined-Heatand-Power(CHPBystems

2.1.1Internal Combustion Engine

The nternal combustion engine (IGEYell known from car engineds presenly the most mature
technology available for micr@HP applicationsn the market becauseit achieves high thermal
efficiency, reduction of noise and vibrations, low maintenance and lde servicewhile requiring a
small installation space

More specifically,iese engines occupy small installation sgabave high mechanical (255%) and
thermal (5@;65%) efficienciesproduce low noise (<60 dB(A) at 1 m) and vibratiorequire little
maintenance (one change of spark plugs and oil a year, corresponding to about 460d gve a
long life service (40,0@®0,000 h, corresponding to about 10 years). Finalingto lean bun, NOX
emissions are less than 100 ppm with a stable shaft power oupt range of engine speed
between 1200 and 3000 rpm. These features make P systems based on $GEvalid and
interesting applicatiorthat is suitable, above allfor residertial and light commercial users 3.
Consequently,a number of Reciprocating Internal Combustion (RIC) edmased cogeneration
systems, suitable for the residential sector, are currently availabklae market [22].

Honda and Osaka Gas have develotiezlEcowill model [B], presented inFig. 21. This is a kW
electrical and 2.8&W thermal output cogeneration unit, designed fme by asinglefamily, that has

a o
~ L
o
!
|
w’ L 4
~y
Figure 21: Honda MCHP Figure 22: Aisin Seiki MCHP

an overall energy efficiency of 85%. In the period 2089, approximately86,000 unitswvere sold

15



2 Micro-Generation Technologies and Systems

in Japan. A new model was introduced to the North American market in 2@6is capable of
supplying 1.2 kW of electric power.

In February 2002Tokyo Gas and Aisin (Toyota group}#]2aunched an MCH®/stemin Japarthat
has also been avaible on the European market since 200the model is presented iRig. 22. The
model, based on a-8ylinder, 952-cm’ ICE,providesan electric output of 6 kW and 11.7 kW of
thermal power, with a total efficiency, at full load, equal to 85%.

The German maufacturer [25] Senerteg.which haspresentlyinstalledmore than32,000 units in
Europe, produces a cogeneration uwith 5.5-kW electric and 12&W thermal poweroutput called
Dachs,illustrated in Fig. 23. This unit is based on a owglinder fourstroke ICEthat has a
displacement of 579 ciand can be fuelled by natural gas, LPG, fuelovibbiodiesel. The total
efficiency at full load iapproximately90%.

Vaillant, with the Ecopower 4.7 module-§2, producesan MCHPsystem based ona Briggs &
Stratton 5HP enginayhich isfuelled by natural gas or propan&he MCHP system producg3-kW
electrical and 124%&W thermal outputs for an overall energy efficiency of up to 92%. The
cogenerator can modulate the electric power between 2.0 and 4.7,kiWve range of the
corresponding thermal power is 6.0 to 12.5 kW

Within the power range of 4 kW, onwards, other manufacturers offer systems with comparable
technical characteristics to the systems described above.

Figure 23: Senertec MCHP

2.1.2Stirling Emine

The Stiling engine was invented by Robert Stirling in 1817. It oper#tesugh thecyclic expansion

and compression of a gas caused by heating and cooling. Mechanical power is captured through the
movement of a piston in a cylinder, comparable tbartreciprocating engines. One advantage of the
process is thatowingto the external combustion outside the cylindeolid fuelssuchas wood an

alsobe usedas fuel

In modern micreCHP unitsa fuel is used to heat the process (expansion of the gé®). heat
recovered from the cooling site (compression of the gas) can then be used to supply heat to a
building.

16



2 Micro-Generation Technologies and Systems

Aside fromprototypes, some developmentbave beenmade in pilot manufacturing and wider
applicatiorsin field tests:

1 Solo Stirling (7.5 kMY 22 kW, operated with natural gas)

T Sunmachine (3.0 kMY 10.5 kW, operated with wooden pellets)
1  WhisperGen (1.0 kWY 7.5 kW, operated with natural gas)

1 Microgen Stirling (1.0 kwy 6.0 kW, operated with natural gas)

However, at present only oneystem, the SEproduced bythe Microgen Engine Corporation, is
manufactured in larger quantities andavailable on the market. This system is not sold directly to
the final consumer but several European manufacturers of heating appliances have intebist®d
into their heating appliances, usually in combination with a condensing boiler.

Measurementsmade withthe Solo systemdemonstratedan electrical efficiency cdpproximately
25%. Howevemicro-CHP systems based on the Microgdthaveachievedelectrical efficiencies of
only 1Z,15%. In both casethe overall efficiency, including the use of heat, is in the range of 90 to
94%.

Fig.2-4 and 25 showtwo Stirling micreCHP systems. Both contain a condensing boiler to service
peaks in the heat denma and a control system. The ledéingine, produced bySenerte¢ also
comprises a 530 | thermal storage.

Figure 24: Stirling micreCHP system Figure 25: Stirling micreCHP system
Senertec Dachs Stirling Remeha eVita 28c

17



2 Micro-Generation Technologies and Systems

2.1.3Fuel Cell

Fuel cells offe the possibilityof convering a fuel, usually hydrogen, directly into electricity by a
catalytic electrochemical reaction. Heat ibyaproductof this processhat also can be used.

Two types of fuel cells have been proven to be suitable for cogenarptigoses:

1 Proton Exchange Membrane Fuel Cells (PEMFC):
This typeof fuel celluses pure hydrogen and oxygen from the air to generate electricity and
heat usinga polymer membrane, at temperature level of up approximately85°C with
electrical efficiacy ofapproximately35%. To convert natural gas into hydrogameforming
and purification process has to be implemented ahead of the fuel cell.

1 Solid Oxide Fuel Cells (SOFC):
SOFC usuallytilize a ceramic material as electrolyte and are operated anperatures
typically above 650°C. This high temperature level can be tsedevelop an internal
reforming of fuelswith hydrogen contentn the form ofnatural gas. The electrical efficiency
is in the range odpproximately50%.

This technology has rebed the highest maturityin Japan A fuel cell household cogeneration
system, powered by natural gas and liquefied petroleum gas, was released in 2009 and has been sold
under the Eng~arm brand [Z7] to a total of 50,000 houses.

The End~arm system genetas power onsite to be used within the householdghe resultant heat
is effectively utilizedor the domesticsupply ofhot water. Consequently, the energy utilization rate
is approxmately 86%.A learning function records the daily patterns of electyieind hot water use
in the householdthis allowsthe systenmto estimate and determine the best operation plahwhen
to start/stop the generation for maximum energy efficiendp. ompaiisonwith conventional power
generation systems, thEneFarm systen cuts primary energy consumption by appiroately 37%,
and CQemissionsare reduced bypproxmately49%.

CALLUX is a field tdsingperformed in Germany since 2008ith the goalof instaling 500 fuel cell
CHPsystems in residential building$he trget issues are to gain experience in operating fuel cell
systems, increasing system reliabilignd reducing maintenance costs. One particular focus is on
data handling and communication with the fuel cell systaBmnsequentlythe CalluxBox was
developed, allowing a scheduled operation of the fuel cell systerg][2

A comparable projectconducted at theEuropean levelis Ene.Fieldwhichstarted in 2012bringing
together more than 50 partnerfrom 12 countries. The aim is to install 1000 foell CHP units to
stimulate cost reductios by transitioring to serial production. Policy mechanisms related to
domestic micreCHP will be analysed and commentag and business models will be investigated.
[2-9]

18



2 Micro-Generation Technologies and Systems
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Figure 26: Panasonic Fuel Cell MCHP

2.2 Renewdle Power and Poly Generation

2.2.1Photovoltaic (PV)

Solar energy ipresentlythe most abundant, inexhaustibland cleaest of all the renewable energy
resources. The power from suimtercepted by the earthis approximately1.8 x 16" MW, which is

many times larger than the present rate of all energy consumpti@rphotovoltaic (PVpystemis a
device that converts solar energy into electricdirectly, without any heat engine to interfere.
Typical applications of P8stemsin use today are for power sowss water pumpingfor usein
remote buildings, solar home systems, communications, satellites, and many more; the demand for
PV systemss increasing every yeahn example of PV application ebuildingis presentedn Fig. 2

7.

PV modules have achievethss productionwith some40GW annuaproductioncapacity. A typical
module has a peak power of 250 W with an efficiency of up to 19%. PV installations are counted in
the millions and some installationshave already reached capacities of more than MW, with
capacities 0600 MW, beingprojected

19



2 Micro-Generation Technologies and Systems

Figure27Y . dZAf RAy3 LydSaNI GSR tK2G202tGFAO0 {&ad SNapeh[310/ | y I RFE

PVapplicatiors can be classifiethto on-grid and offgrid applications

1. OnGrid Applications
The PV system feedsirplus electricalenergy directly into the electricity supplyrid. The
benefits of thison-grid connected PV power generatiare generally evaluated based on its
potential to reduce costs for energy production and generator capacity, as well as its
environmental benefits.

2. Off-Grid Applications
Currently, P\systems arenost competitiveat isolated sites, away from the eleatrgridthat
require relatively small amounts of power, typically less than 10kWp. In trefegrid
applications, P\systems ardrequently used in the charging of batteries, thus storing the
electrical energy produced by the modules and providing the wustr electrical energy on
demand.

Concentrating Photovoltai¢CPY Systems

Most of photovoltaic panels are made of Si in mamgstalline, polycrystalling or amorphougorms.
Chemical composite materials (Ga, As, In) are used/éoy highly efficient slar cells.In order D
achievethese high efficienciesf approximately 40%, muljunction cell technology is employed-[2

11]. Multi-junction cells consist of three or more layers of very thin solar cells, each of which absorbs
solar irradiationat a different wave range.

Generally, miti-junction cells are installed iconcentratingphotovoltaic (CPVpgystemswhich have
primary optics such as lenses or mirrors to concentrate solar irradiance onto the @efiisg to
multi-junction cells being very expsiveto producebecauseof the advanced technology involved, i

is advantageusthat this concentration results i reductionin the cell size. There are several types

of lenses used inthis concentration. Flat Fresnel lenses are usednmonlyin CPVsysems. 3D
shaped lenses, for example dome shaped Fresnel lenses with the concentration ratio of 500 suns,

20
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2 Micro-Generation Technologies and Systems

were developed for CPV modules in Japan. CPV moldatesto bemounted on sun tracking devices
with two axes in order to capture solar incidentamormal direction(Fig. 28). While flat PV modules
can intake not only direct incident but also diffused radiatfoom the sun, CPV modules can only
utilise direct incidentradiation Consequently, itan besaid that CPVhodules aresuitable for areas
with rich direct solar radiatior-or exampleCPV systems are already employed to supply electricity
on acommercial basis in Arizonatime US.

Figure 28: CPV with dome shaped lenses

Hybrid Solar Panels

Hybrid solar panels are designed fecovering themal energyas well agproducing electricityusing
one module. The efficiency of commonly udedcells is approximately £05%, which implies that
the rest of solar energy turns into heat. Hybrid solar panels vimyrkollecting such heat to supply
domestic hot water. Generallythese paneldavea layered structure wherd®Vcells are fixed on a
metal plate to integratehe extraction ofelectricity and thermal energy from the same component.
The heat generated in the cells is transferred to fluid flowirgy pehind the metal plate to produce
hot water.

It is advantageusthat one device can generate different types of energy at the same, tikeeco
generation. Consideringhat roof areas are a form of restricted resource in urban areas, it is
attractive for hybrid solar panels to share solar collecting aries both PV and solar water heating.
Another beneficial point is that the heat recovery from the cells resultsdésreasingthe
temperature of the cells and, therefore, impres the efficiency of elctricity generation.This
technological development urrentlyongoing.

2.2.2Heat Pumps

Heat pumps(HPs)are widespread devicethat are able to extract heat from a loswemperature
source making it availableon a higter temperaturelevel The process is plermed at the expense of
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mechanical or thermal energy. Different classificasiane possible by taking into account different
features:

1 type of energy source (mechanical, electrical, thermal)

1 low-temperature source (air, water, ground, waste heat)

1 kind ofservice (heatingdomestic hot wate(DHW), combined)
1 type of fluid (air, or water)

An electrically drivencompressionHP, the best known system, employs an inverse vapo
compression cyclethis extracts thermal energy from the low temperature sourty evaporating a
fluid. Following this,the vapairr is compressed and releases the absorbed heat in a condenser
Afterwards, the condensed liquid isxpandedn a valve to restart the cycle.

The efficiency of an electrically drivetP is given by the Coeffiemt of Performance (COP) and
represents the ratio between the energy released to the high temperature source and the energy
absorbed by the compressdbpepending orthe temperature ofthe heat source andhe heat supply,

the COP igypically in the range ® 3 to 5. Asa HP consume electricity, the effort required to
generatethe electricity has to be taken into account.

Absorption heat pump$AHR) usethermal energyto drive the processThe refrigerant is absorbed
by an absorbing l@id; this forms a liqud solution. Hat provided to the generator separates the
refrigerant, which evaporates and follows the same pattern of YApour compression cycle, with
condensationgxpansionand evaporationhowever,instead of entering @ondenserthe refrigerant
is mixed with the absorbing fluid to start the proceagain For HPs,the usual combination of
refrigerant and absorbing fluiid ammonia and wateror water and lithium bromide.

Presently AHR are best suitedto heating large buildingdecauseheating @pacity reaches a
minimum of approximately35 kW, which isusually higher than the capacity required for single
dwelling. The COP for a gas drivAhiPgs in the range of 1.5 to 2.0.

Common heat sourcassedare the external air and the ground

1 Air sourceheat pumps (ASHPextractthermal energy directly fronexternal air and transfer
it to internal ambient air(air-to-air HP$ or to a secondary fluid such as waigir-to-water
HP$. The benefi of this arrangement are the low cost and easy installatihile the main
drawbackis the reduction of COP with low external tempen@s, an additional problem
occurswith frost formationoccurringon the condenser.

1 Ground source heat pumps (GSHikse the ground as source which isat a rather constant
temperature. Therefore,the capacityof these systens is nearlyconstant and independent
from the external air temperatureAdditionally,the COP of a GSHP is constant and usually
higher than that of the ASHP at low external temperatutésat can be extractetfom the
ground using horizoat or vertical tubes Fig. 29 illustrates a possible solution foHP
installation for heating and DHW production. The requirement of excavation or drilling for
GSHBrepresents the main drawback of the systdoninging a hif initial cost.

22



2 Micro-Generation Technologies and Systems

Figure 29: GSHP with vertical boreholes for heating and DHW

HPscan be used for cooling purpes, too. The COP of GSli#higher tharwhenusing ASH If the
ground temperature is sufficiently low, the HP can be switchedpefifforming a free cooling of the
conditioned spacegd:ig. 210 presents a GSHP with a free cooling unit

Figure 210: AGSHP, ceng, left connections with two boreholes with two tubes each, right the free cooling unit
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2.2.3BatteriesasResidentialElectricity Storage

Batteryenergystorage (BES)s becoming relevant at the residential level when transient renewables
are emplogd or with thermally led cogeneration systerttsat havea significant night time heat
demand. Abattery system for a single family homweould typically include a battery pack with a
capacity in the range of 4 tolVh, capable of delivering up ®kW of power. In order to connect
this battery to the household electrical systems well as the external power grid, a DC to AC
electrical inerter is required, along with hattery-management systerin orderto ensure safe and
sustainable function of the battgrpack. At presenthere are a number of suitable battery types
available,including the longestablished and conventional leatid systemspatteries based on
nicketcadmium, nickel metal hydride, lithium ion, lithium polymer, sodium sulphur, vanadagioxt
zinc bromineor metal air compositions [22].

Depending on battery chemistry, the capital cost for equipment can range $&bto $1560 per

kwh, with roundtrip electrical efficiencies from 50 approximately95%, and service lifetimes
ranging fom only a few hundred cycles up to,000 cycles [22]. The taracteristics of lithium ion
batteriesthat make them highly suitable for electrical storage include very high energy density, good
power output, good cycle life with a broad cycling range,hhigpulombic efficienciesand
comparatively low heat output [23]. For prolonged intensive use, such as a in a r@ogeneration
system, proper control and management of a lithium ion battery is crucial to ensure high capacity
retention and safe operatio. Lithium ion batteries at ratingsf approximately2 kW/6 kwh are of a

size suitable for development for residential power slyppnd storagelt has beendemonstrated

that they can provide the consumer with economic benefit in a residential Agiereerdion context,

as storing energy can reduce peak power demands. Berafitsapply to power utilities through
offsetting costly infrastructure upgrades to the power gridlf. Such a system, dltustratedin Fig.

2-11, was built with an integrated invegr and management electronics, at a prototype cost of
approximately$10,000Q

4

C-electrovaya

Lithium lon SuperPolymer® Battery

Figure 211: Residential storage battery built by the Canadian manufacturer Electrovaya
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High capital costs of residential baties continue to be a concer&tudies haveevealedthat time
shifting of grid power with batteries in timef-use pricing environments is not a strategy that
justifies the large capital expense-18]. Peakshaving can occur through widespread use of large
residential batteries, but such a scenariowd need to be led through the efforts of a coordinating
utility, and has yet to be demonstrateddowever, at presentsome largescale commerciaBES
systems have been built and installed-1&]. At the current adoptive stage, progress towards
economy ofscale with batteries is occurring. The battery management electronics for smaller storage
systems contribute to their current high cost, thus larger BES systems are more economically viable.
Very recent initiatives, notably in Japan in response to theushikna crisis, are making residential
batteries more of a commercial reality. Examples include the Honda Smart Home Systém [2
undergoing field triadin Saitamawhich consists of CIGS tHiim solar panels, a home battery unit,
household gagngire cogeneration unita hot water supply system, and control electronics. In
November 2012, Toshiba-B] launched 6.&kWh/3.0] 2 & Sy S D 2-¢éhafde LidllrdsideRtial
batteries, claiming a 6006ycle lifetime. U®ased Poweh Yy S Ay @S NIi S N#anasonjfcR ~ WI LJt
lithium ion batteries will be integrated into energy storage systems for the residential, commercial,
and utility-scale and gridconnected energyterage markets in 2013 {29]. Similarly, in summer
2013 Nichicon Corporation introduced an emgr management systemiat combines a solar power
generating system from partner Kyocera, with their ldagting, highcapacity lithiumion battery
storage units [220]. Regulatory assistance in Germany to cover 30% of battery capital costs, in
recognitionof the value of combining residential battery storageresidentialPVsystemswas made
available in late 2012 {21]. Related to thisit was reported that a 5-8W solar PV system could
provide enough power for 2hours of household demand, andl@.6-kWh battery capacity would be
suitable to discharge surplus power for use athni@-22].

2.2.4Thermal Storage

Thermal storage is a key component for thermal plamtBich can beused in heating and cooling
applications. The main purpose of thermal storag¢oisesolve the problem of the shift between
energy demand and production, a typical problem encountered if renewable sources are used for
energy production. Thermal energy storage can be of sensible or latent apgevarious storage
materials are emplogd. In heating plantghe dominant storage materialsedis water. The amount

of energy that can be stored depends on the volume of the tank and the temperature difference
betweenthe outlet and return temperature. Latent thermal storage using phase cbarmaterials
(PCM) can alsobe used to enhance the amount of stored energy. For cooling applicatioas
storage iqutilised where ice slurrandice-on-coil arethe solutionsemployed

Sensible storage systems

The ypical storage medium in heating andoling plants is wateowingto its common availability,
low cost and the high specific heat contem \ertical cylinder tank is the most common solution
adopted.Internal coils connected to thermal energy sources, such as boilers, cogenerator systems
solar collectorzan be used to heahe water inthe tank. The number of heating coils usually varies
between one and three. Onemay be used to charge the storage from a mi€élP system, the
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secondcoil can is usedo integrate solar heat, while thehtrd heat coil is used to heat domestic hot
water.

Thermal storage in domestic plants is typically used for domestic hot waterissipphe stored
water guarantees continuity of wateserviceat a constant temperature. Thermal storage is also
required inconjunction with solar collectors for collecting energy during sunny hours and to have hot
water available when it is required. F+12 represents a tank with two coils, the lower is usually
connected to the solar collector, while the upp&r connectedto a boiler for backup heating.
Multiple heat generators can be available so the tank can have additionglfooiéxample the tank

can be connected to a solar collectand a wood boiler or a cogenerator.

Collector
Boiler

heating
system

i y
DHW
-

Figure 212: Atank with two heat exchangers for Solar Domestic Hot Water Systems

Fig. 213 represents a tarkn-tank solution combining domestic hot water storage (inner tank) with a
thermal storage for the heating system (outer tank). With this solytionnique heagenerator can
provide energy to both the heating system and the domestic hot water system.
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Figure 213: Tank in Tank plant for Solar Domestic Hot Water System

Latent storage systems

Heat storage can be enhanced by means bEtances undergoing a phase change during charge and
discharge of the storage, usually frdhre solid to liquidphase Consequently,te energy is stored as
latent heat. The important parameters such circumstanceare the latent heat content of the
material and the phase change temperature. Different materials based on paraffin or salt hydrates
are availableommercidly, with phase change temperatures in the range 30 to 642€3]2Different
approaches have been used to integrate BdMo thermal stoage. Typical methods are PEM
packed in cylinders or tlieinclusion in spherical containers.

2.2.5Chiller

Absorption and adsorption chillers

Absorption chillersKig.2-14) represent the most common thermaliictivated technology applied in
existing Combined doling, Heating and Power (CCHP) systems (hotels, hospitatanercial

buildings, etc.) [24].

Typical absorption chiller installationsith a cooling capacity of 10 to &V producing chilled water
at a temperature level of 15 to 187@re operatedusing thermal power at a temperature level of 75
to 90°C with an COP ofapproximately 0.65 to 0.78 [25,2-26]. Lithium bromide/water and

water/ammonia arethe working pairs that are typically used in these systems

Adsorption cooling is a novel technolothat incorporateslow-grade heat sources {24]; however,
this technologyhasthe problens of low COP (06®.5), low cooling power per volumeandsignificant
weight. Fewsystemswith a cooling powerof 10 to 100 kW are availablen the Chinese and
American markets and they hava KA 3K Ay @SaddyYSyi
terms ofsmall machines, two new companies are offenuyelproducts SorTech AG from Germany
offersa 8kW and 15kW watersilica gel chillerKig.2-13) and Invesor GmbHKalso from Germany

offersa 7kW and a 1&W waterzeolite chiller

02ai
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Figure 214: a) absorption chillers; byortech eCoo

Desiccant wheel

A desiccant whee(DW) (Fig. 2-15) is a rotor filled with a solid desiccant matdriwhich rotates

slowly between the process aito be dehumidifiedand the regeneration air. It can be regenerated

by heat from a gafired boiler or an electric resistance. However, the energy saving and the
reduction of the environmental impact thahése systems can achieve are higher when the desiccant
YIEGSNRAFE A& NBISYSNIGSR o0& YSIya 2F GFNBSE GKSN
collectors. In these cases, a desiccant material that can be effectively regenerated with low
temperature thermal energy is obviously needed;22.

Desiccant materials that have beeppdied includesilica gel,lithium chloride or a molecular sieve.
The processf regenerationoccursin the range 50:50 to 75:25.

Figure 215: The desiccant wheel

Commecial applications of hybrid systems include schools, auditoriums, hospitals, office buildings,
supermarkets,and restaurants,among others However, thanks to its energy and environmental
benefits, the use of desiccant technology is also spreaimgrtiary and residential buildings.
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3 System Modelling and Demand Profiles

Annex 54 activities on gathering load profile data, and modelling efforts on +gemeration
equipment and systems are presented in this chapter. This work repregenmain technicabasis
for the performance assessment work afgerformedin this Annex.

For all environment energy simulationsnstructed it is understood that the basis and validity of any
study hinges on the load profile data usedths energy demand input. Recentlgicro-generation

has witnessed a shift in focus towards system design, integratmal optimization, as the
technolog/ and theexpertiselinked to their implementatiorhas matured These changes have given

rise to gaps in the suitability of existing loptbfile data as inputfor energyuse simulations. New
understanding about system operations has demonstrated the stochastic nature of energy use, and
consequently, higher resolution temporal load profile data that properly reflect anésrequired.

The® concerns were addressed in the Annex 54 activities on electric and hot water demand profiles
that are reported in this chapter.

As Annex 54 has broadened the scope of the equipment and system configurations under
consideration, so too have efforts intharing load profile data broadened in recent years. A variety

of building types, some with specialized activities have been studied. As part of the commitment of
Annex 54 to contribute to the existing repository of load profile data, new member natiohs no
present during Annex 42 were requested to provide load profile data. The present Annex includes
thesenew load profile data from the new member nations, Japan and South Korea.

Modelling and simulation resides at the heart of the technical analysiopedd in Annex 54. The
set of established prime movers for mie@HPsystemshas not significantly changed in the past few
years Consequentlythe updated focus of the present Annex is directadre at auxiliary system
components for cooling, humidity ctnel and/or energy storageand the focusis aimed at more
optimal system efficiency, as well parforminginvestigationdgnto system configurations and control
schemeswith a view to overall energyse savings.

This chapter presents an overview the research on residential cogeneration systems conducted
within Annex 54, reflecting an expanded scapat considered a diverse number of energge
system configurationghese wereconceived and optimized in view of regional climatic factors, local
energy contexts as well as associateichpinging policy environmentsConsiderable attention has
been given to energy storagéhis is becauseptimizing efficiency with either a thermalled or
electrically led system naturally leads to situations where the tmral load necessitatesthe
generaton of excess heat or electricitywhich must be managed As such, the interplay and
compatibility of devices has become an important research topic. It has also become evident that the
scale of the CHP system is criticaldetermining its economic viabilitgonsequently,considering

only singleresidence applications may restrict the benefits of a broader implementation of micro
cogeneration. In addressing questions of scale, a number of systems are considergr on
community or shared level, and the logistics and control of such systems have been examined in
Annex 54.
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In order to conduct performance assessment studies, the necessary inventory has to be developed.
Numerical models of mickgeneration equipment and wholsystems have to be developed and
implemented using suitable simulation toolssuchas ESPr, TRNSYS or Matlab/Simulink. Demand
profile data hae to be investigated for later simulationd.aboratory experimerst have to be
performed for model calibration anealidation purposes (Fig-3.

Field Testing Demand Profiles |

Lab Experiments (Heat, Cold, Electricity)

Systems Models
MCHP Models

(FC, ICE, Stirling) —_

*~  Control TRNSYS

27 Schemes
Balance of Plant <&” S
\EYE])
Components Simulink

Performance
Assessment Studies

Figure 31: Context of data and models

3.1 Demand Profiles

Typical reference energyemand data for simulation purposesre needed for evaluating and
comparing the performance of micigenerationequipment and systems.

As presentedin Tab. 31, several load profiles for electrical, thermand cooling demarsl of
different endusers and geographical areas have been provided by Annex participaats. field
measurementsdata with a sampling ratef up to one second could be collected. Howevarmost
casesdata with time resolution of one or ten minutese more common.

Thee were two approachefllowed for defining energgemand profiles:

1 Experimentalusing data measured from field testadhlaboratory experiments
1 Theoreticalusing validated models of user behavi@md equipment data

Canadian, Japanese, South Koreand German participants mainly followed an experimental
approach.

30



3 System Modelling and Demand Profiles

Table 31: Overview of load profiles provided by themex 54 participants

Geographical aree

Electrical

Hea
ting

DHW

Coo
ling

Sector

Note

Ottawa, Canada

Residential

1-minute resolution; yearly
demand; 12 buildings
analysd[3-1]

Bavaria, Germany

Residential
Service

1-second time resolution; i)
four single families, ii) a
health club and iii) a hotel

Bavaria, Germany

Service

1-hour resolution; ija public
bath, ii) a hospital, iii) a
hotel, and iv) a greenhouse

26 areas in Japan

Residential

Electrical load with Zminute
resolution, hiermal loads
with 10-minute resolution;
yearly data measuik
between2002and 2004

Osaka, Japan

Residential

10-minute resolution; six
family apartments, 200 day
periods, taken from June
2007 through January 2009

Nagoya, Japan

Residential

1-second resolution; 5@init
block of bachelor flats

Kumagaya,
Yokohama, Japan

Service

10-minute resolution; data
comprise PV, mic,k€HP,
andsolar thermal
generation

UK

Residential

Two models for generating
high-resolution electricity
demand pofiles, based on
experimental data

Daejeon, Korea

Residential

Two measurement
campaigns: ipneresidential
building, ii)ten apartments

Incheon, Korea

Service

1,140m? office building

Italy

Residential

Profiles derived by
database®f Loughborough
university and IEANnex 26
[3-2,3-3]

Rome, Italy

Residential

Different types of dwelling
(Economy, Luxury,
Standard) and number of
occupants (single/couple
and family)

Rome, Italy

X

Service

4 years of measurement
campaigns; oftie buildings

Carleton University gathered occupant electrigignsumption data froml2 houses in Ottawa,
Canada. Analysirthesedata led to the following conclusions:
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1 Occupant tendencies are a strong determining factor for the annualthdAC consumpin
of a building,
1 Occupant electricinconsumption profils vary significantly between buildings.

Japanese Annex members collected several endegyand profiles of residential and service
buildings Electricitydemand profiles were gathered for 26 diffeent locations in Japan, thanks to
measurement campaigns conducted between 2€B204 More recent campaignalso encompass
data of electricity ad domestic hot water demand {3].

South Korea provided both heatingnd coolingdemand data for residential ad office buildings
located in two different areas, which were also used to define the total demand required to
characterize loagharing applications.

German patrticipants colleet electricity and heatdemanddata of different residential and service
buildings. It is worthy of note that ane-second acquisition frequency camapture the dynamic
behaviour of themplementedenergy systems.

The main difficulty in defining reference profiléss in the high number of casahat need to be

studied in order & make the profiles statistically consistent. Neverthelessgne general information
could be derived from the experimental campaigmsnalyses of data from Italy shawat buildings

characterised by a similar specific electrical load (defined in KVflamonstrate a very similar
average seasonal load prof{e-5].

On the modebased generation of energyemand data, wo different approachesfor generating
highresolutionresidentialelectricity-demanddata, have been presented by UK participants. A first
predictive energydemand model for domestic electricity consumption was developed to define a
one-minute resolution gnthetic electricity demand [8], while a second model was developed for
creating highresolution electricitydemand data reflecting theffects of applying energgfficiency
improvements in future years {3].

Italian participants applied the model mentioned above, starting friva electrical demand of
dwellings characterised by a different humber of occupants (i.e. single/couple andl)fzand
building typology, to generate single and aggregated electridtypand profiles [38].

3.2 Models for CHP units

The IEA/ECBCS And@xdeveloped two simulation models for accuratdigterminingthe thermal

and electric performance of residential coggation devices [3]; the first model was determined

for fuelceltbased cogeneration units (SOFC and PEMFC), while the se@mderived for
combustionbased systems (SE and ICE). Both models have been implemented within a variety of
whole-building moddling platforms.

The Annex2 models rely extensively on parametric equations describing the relationships between
key input and output parameters; each of these parametric equations requires empirical constants
that characterize aspects of the performanafspecific cogeneration devices. The establishment of
these empirical constants is known as model calibration and requires data from experimental
investigations Annex42 developed and used an experimental protocoll{B to calibrate
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cogeneration modelsSeveralexperiments with prototype or eariynarket residential cogeneration
deviceswere conductedattemptingto adhere to the protocol as closely as possible. Three detailed
calibration and validation exercishave beerundertaken in Annex?2 [1-1]:

9 the combustion cogeneration model was calibrated to the Whisper&glingdevice [311]
1 the combustion cogeneration model was calibrated to the SeneDeats ICHevice[3-12]
1 the fuel cell cogeneration model was calibrated to theel Cell Technologi&OFC device

Annex 54 continuedhe CHP model development and calibratianith activities described in the
following sections:

3.2.1Calibration and Validation of AISIN SEIKI ICE mi@HP unit

During Anne¥4, the Annext2 model was calibrated and validatedttee AISIN SEIKTEdevice [3

13], [3-14]. The device was installed inside a fully instrumented test laboratory. Even if the facility
was not optimally suited for model calibratioowing to the difficulty in imposing steadstate
conditions on the cogenet@n device, a huge experimental database was collegbealviding a rich
description of the cogeneration u performance. Measurements characterizing the cogeneration
RSOAOSQa 2 LISNI (A 2samphiry Nde ofdaef sécGihd v appliddiokhe most
relevant parameters (fuel flow rate, cooling water flow rate, cooling water inlet and outlet
temperatures,and net electrical output from the device). The experiments alloweeldalibraion of

the majority of the inputs (99 duof 103) requied by the AnnexX2 model, showing that during
steadystate operation both electrical and thermal efficiencies depend on the electrical output with
a negligible influence of both coolant temperature and flow rate. Howgier experiments did not
include sifficient measurements to directly calibrate all of the model inputs,ammhsequentlythe
calibration process required a methodology capable of deriving multiple model inputs from a limited
set of measurements describing operation under dynamic conditidrhe remaining uncalibrated
model inputs were determined by adopting an iterative dynamic parameter identification approach
with the assistance of the thirdarty optimization tool GenOp8f15].

An empirical validation was used to assess the validitthefcalibrated model by comparing the
simulation results with measurements collected under electric {fmdidwing operation. Fig. -2
plots the correlation between the model predictions afeé experimental measurements in terms of
both primary power goss and heat recovery ¢ The calibrated model exhibited reasonable
agreement when compared with the validation data;gdbe predicted fuel use, electric outpuand
heat recovery over the duration of the data set all differed from observed value$dy1 0.2, and

1 1.0%, respectively. Additionallhe performed comparison allowed some week points of the model
to be highlighted mainly related to both coedown and warrup periods, to be eventually improved
in future model versions.

33



3 System Modelling and Demand Profiles

10000 800C 17000 i 9000
[aom—
700¢ 16000 : - 8000
9000
600¢ 15000 i 7000
s00¢ 14000 E: ] 6000
8000 . . o L | ! 5000
13000
400¢
12000 " 4000
7000 3000 = b 2000
11000 S
L | 200 2000 %
6000 oo 10000 5
. . 1000 §
g e S 9000 [~ £
2 5000 L, [E N w | o ST LoD _ g 0 <
) e ST T 1 koo "
t o 2 e ==  i—==-=__ Feaageee e s 3
N -100 & i i il
7000 g
4000 200 )\ 2000 £
- 6000 3000
3000 —
——gHX,pred 5000 PN -4000
400 4000 ——qgross,pred |
——gHX.ex -5000
2000 anx.exp I —
h 3000 qgross,exp —| -6000
= = gHX,pred - gHX,exp
1000 -600 2000 - — qgross,pred - ggross,exp | -7000
700 1000 -8000
0 -800 o -9000
N S S S PP ® S P S PSS N S A PP PP ® S D PP PP ® N
& m\'@n"'Q S ﬂé@“,\n & T \"'@\VQ FEE \“"'@\‘XQ ",“‘Q ’L\B ”:‘;“ o & & m\@@n S LEFTFT T o 9@\“"Q GHCHICHR S S ”9“ o ’O;Q n'/‘@n@
Time (hh:mm) Time (hh:mm)

Figure 32: Comparison of simulation and measured data.

3.2.2PEM Fuel Cell Model Calibration Using Multiple Regression
Method

Both artificial neural network (ANN) and adaptive neuro fuzzy inference system (ANFIS) models can
solve highly nonlinear, complex problems withaequiring explicit mathematical representations.

No clear relationship between the input and output variables needs to exist before the model is
applied. Thee modelsare known for their robustness (adaptabilitylowing to the use of
generalization techigues instead of memorization. The resutessealedthat the ANN and ANFIS
models could predict the PEMFC performance with a high degree of accuracy. Hoavepecial
artificial intelligence (Al) toolbox is required in order to develop the ANN and ANFEISISnTRNSYS

do not possess IA modelling capabilities and must be interfaced with Matlab in order ta use
multiple regression method to predict the fuel cell performance.

The multiple linear regression (MLR) method was used to predict the PEMFC staektcsatack
voltage, fuel cell DC power outpw@nd cooling water temperature from thfeiel cell The inputs used
in the MLR method are natural gas flow (sL/min), cooling water flow (L/raimg cooling water
temperature (°C) entering thiuel cell In these simple models, the output is a linear function of the
three-input variables.

Three data sets: named as training, checkisngd testing data, were randomly selected from the
experimenal data set with no repetition oanydata poins. A total of 3260 egerimental data points
were used. Whilghe training and checking data sstach contains quarter (1/4) of the total data
points, the testing dataset contains half (1/2) of the total data points. Tdeesetsvere initially used

in ANFIS models, developéar the PEMFC unit, for training, checking (for testing generalization
capability, avoiding over fittingand testing purposes. The same data sets were used in developing
the MLR models. Half of the experiment data (training + checkirg® used inthe MLR method to
calculate the regression coefficients. The testing dedae used for model validation.

The measured experimental data and the results obtained from the MLR models are shieigr8in
3 to 35. The results show that the simptaree-input MLR model can predict thiuel cell stack
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current, stack voltage, and DC power with reasonable accuracy. Larger errors occur duifingl the
cellstart-up and shutdown owingto the fewer data points collectedre not enough for training.

Theeightinput MLR was used to predict the cooling water outlet temperature with new nonlinear
inputs as functions dthe initial set ofthree variablestMNLR model)The Rsquare of 0.86 indicates
that the model accounts faa greater proportion of variance.

The RMSEnd MRE results from the IR models are comparadlith those from the ANN and ANFIS
models as shown inTab. 32. The results indicate that the accuracy of the IMRodels is lowein
compaisonwith the Al models. More specifically, theLIR® models have poer performanceduring

the fuel cellshutdown periodin compaisonwith the ANN and ANFIS models. However, in general,
the MLR models could predict thieiel cellperformance with acceptable accuracy. Moreovewing

to their simplicity, the MR models cabe easily integrated into many simulation software platforms
or even in spreadsheet models.
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Table 32. RMSE Values of ANN, ANFIS and MR Models for Predicting Fuel Cell Stack Current, Stack ¥aitage
Cooling Water Outlet Temperature.

RMSE (all data) MRE (all data)

MLR or ANN ANFIS MLR or ANN ANFIS
MNLR (LM) (gbellmf) MNLR (LM) (gbellmf)

Current (A) 1.10 0.74 0.74 3.00% 2.24% 2.25%
Voltage (V) 0.61 031 0.31 0.94% 0.47% 0.30%
Water Outlet Temp. (°CQ 0.80 0.50 0.49 0.60% 0.42% 0.36%

3.3 Models of System Components

Besides CHPits, system components havasobeen modedied within Annex 54or existing models
have been used. Details have bersoludedin [3-16]. These models comprise:

1 Auxiliary boilers

1 Thermal storage tanks as heating buffer domestic hot water storage
i Battely storages

1 Chillesalso includindoWs

3.4 Modelling of complete systems

An example of a buildinmtegrated micregenemtion system isllustratedin Fig. 36. It comprises a
heating device to supply space heating and domestic hot waremell as an eledtity generator,

e.g. a cogeneration unit or a PV systefydditionally cooling devices can be taken into accousd

well as thermal and electrical storage devices.
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Figure 3-6: Scheme of an exemplary buildingntegrated micrageneration system

The following sections contain examples of system models developed and used for the performance
assessment.

3.4.1System Model with Internal Combustion Engine implemented
in TRNSYS

To analy® the performance of a desiccabaised air conditionig system, the University of Sannio
designed and built an experimental plant whose main components are an air handling unit (AHU)
equipped with a desiccant wheel (DW), a micogenerator (MCHP) fuelled by natural gas, an
electric aircooled water chillera natural gas boileland a storage tank, Fig:73

Experimental data were used to calibrate and validate a model for the main components.

A simplified MCHP model was developed, calibratead validated by means of the available
experimental data on théISIN ToyotdCEbased MCHP, {87, 3-18, 3-19]. It has a gross electric
power output of 6 kW, and a thermal power of 11.7 kW.

The TRNSYS8ciprocatinginternal combustion(RIC) engine model has been used, by means of the
otype 907¢ 9 { doraponent. It use a table of performance data to determine the outputs of the
engine, given a set of input conditions. The model relies on an external datthdilecontains
efficiency, aifflow rate, and heattransfer data as a function of the intake temperature and paet-

load ratio. The MBPis modelled by three componentdje RIC engine, a plate heat exchantet
isused to transfer the recovered thermal power to a secondary fluid (water), and a-thagevalve
that mixes the part of solution flow rate that passthrough the plate heat exchanger and thart
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that is bypassed towards the engine. A control system that manages the thezowlery circuit of
the microcogenerator is also modelled.

The model used to simulate the described storage tankyige'60. The thermal performance of a
water-filled sensible energy storage tank, subject to thermal stratification, is modelled by assuming
that the tank consists of N fullyjnixed equal volume segmentfor each of them a uniform
temperature is considered. By meapfsexperimental tests conducted in the test facility of University

of Sannio, the model was experimentally calibrated and validate@0[3The model has been
designedto take into account the three internal heat exchangers, as well as two inlets and two
outlets of the stored fluidTo model thermal stratification50 nodes were considered

Experimental data acquired with different plant configurations were compared with the data
produced duringthe corresponding simulation. The comparisaras carried out between the
temperatures measured by seven sensors installed in the tank, and the temperatures of the nodes of
the model located at the same height of the sensors. The reseltisonstrateda goodagreement
betweenthe modelandthe experimental data.

Exidging theoreticalmodels for the operation of the main subsystems of a desiccantaiditioning
system were calibratedxperimentallybefore beingvalidatedusinga wide number of measurements

in a typical summer operating range for these systems2]B The operation of each subsystem is
described by a specific efficiency factéior each subsystem, the average value of the selected
efficiency factor and standard deviatiomgere calculated. The validity of the assumed models has
been confirmed by the evaation of the RMSE. The corresponding models were then implemented
in TRNSYS, Fig83

Figure3-7: The layout of the test facility
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For theDW, the simplified approach of Maclair@ross: Y R
ol aSRZ
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Figure3-8: The AHU model in TRNSYS
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types usegand the value of the main parameters are shown in TaR.

a4 RSaONA
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The natural gas boiler was simulatediwihe "type 6" of TRNSYS. It represents an auxiliary heater
that provides the necessary thermal power to the fluid (water) to reach the desired temperature
within the limit of its rated power. The boiler type was characterized with a rated thermal pofver o
16.5 kW and a nominal thermal efficiency of 90.2%, the same characteristics of the unit installed at
the test facility. This peaload boiler can be used to integrate the thermal power available from the
MCHP, for DW regeneratipar space heating/DHW gelirements.

Tale. 3-3: Main models used for the simulation and their main parameters.

Component Type| Library | Main parameters | Value| Units
Cross flow heat exchangd 91 | Standard| Effectiveness 0.446 -
Humidifier 506c| TESS | Saturation efficiency 0.551 -

Liquid specific heat | 4.190 | kJ/(kg-K
Heating coil 670 TESS

Effectiveness 0.864 -

Liquid specific heat | 4.190 | kJ/(kg-K
Cooling coll 508 TESS

Bypass fraction 0.177 -
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¢KS OKAffSNI g & alirevd® , wdipddéa pefformérieé yiadpasetlfodeal that
evaluates the performance of the device (both at full and partial load) in terms of cooling capacity
and energy efficiency ratio (EER as a function of chilled water and ambient air dnylb
temperatures. Data provided by the manufacturer wered to simulate the chillers. In particular,
rated cooling capacity and a nhominBERof 8.50 kW and 2.98 were assumegspectively This
corresponato the values of the unit installed at the test facility.

3.4.2System Model with Internal Combustion Engimaplemented
in Matlab/Simulink

The layout of the cogenerator is reported in FHe; the ICE is coupled with an electric generatnd

is connected to the grid through a rectifier and an AC convelttés arrangement allows the engine

to be operated at ariable speed while delivering 50 Hz AC to the grid. The thermal power discharged
by the engine is recovered thorough an engamlant/water heat exchanger and an exisdwater

heat exchanger. A facooled heat exchanger is fittedtthe enginecoolant circuit to provide
additional cooling in case of low thermal demand. Aplgs valve fitted in the exhatcircuit
permits the decouping of electric and thermal power production. In order to satisfy the thermal
demand when the CHP unit is switched af fechnicateconomic reasonsor for maintenance, a
backup boiler is added to the cogeneration unit, as showRim3-9. The main technical features of

the CHP unit are reported ifab. 34. [3-22]

The system can be operated in two different heatowery modes:

f GGKSNXYIFE LINA2NRGE¢ Y2RSY Ay GKAa Yad®e 0KS NE
electric poweris adjusted automatically

1 ¢St SOGNRO LINA2NA(Ge¢ Y2RSY Ay (GKA& Y2RS G4KS
exhaus® bypass valve may ebadjusted to try to maintain the requested water outlet
temperature

The ICE has been simulatedaiMatlab/Simulink environment by describing afl the subsystems
that compose the ICE, such as the engine shaft, the engireethe heat exchangers (Figl@). The
key assumptiormade was that the thermefluid-dynamic processes of the engine are much faster
than the change rate in thermodynamic boundary conditio@ansequently the ICE has been
modelled as a quasitationary machine and the ICE performas@e simulated on the basis of two
look-up tables defined according to the engiperformance maps provided by the manufacturer.
Varying the number of cylinders, a -k¥V, (system 1) and28kW (system 2)ICE have been
modelled. The main technical paratees are shown in Tab-8.
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Table 34: Technical parameters ahe ICE under analysis

Parameter System 1 System 2
Maximum rated electric output 14 kW, 28 kW,
Maximum ratedoower output 29 kWi, 58 kWi,
Minimum electric power 3 kWy 6 kW
Minimum thermal power 9 kWi 18 kW,
Electrical efficiency 28.5% 28.5%

A control model was developed for bothe thermal and electrical priority mode In electric priority
mode, a eed regulator provides the desired electric power outfnaim the system. The regulator
is based on an optimization table that, for any given power, helps the system choose thetlspeed
ensuesthe AINBI 6Said St SOGNRO SFTUOASyOeo
speed unit ih compaison with the constant speed machine at 3000 rprte lower the electric

power setting the greater the gain.

As pical applications, ten-apari Y Sy i

0dzA f RAYy3a F2NJ 6KS NBAARSYGALIf
for the service sector were chosen as test cashe resultswere discussed in terms of energy

performances and profitability. The technigatonomic analysisevealedthat good energy ath
economic performanceouldbe achieved both in household and in hotel applicatiotnsompaison

with a separate generation system, especially with variable speed oper&jod.2 y i NI & (i =
I LILIX A Ol GA2Y ¢ 2 dzf Rbeda®esavidys WiiDhlyhe dciNeRed inlthe fvilter and
would be too low to allow an economic return on the investment in a reasonable piened. The

9f SOGNRO STTA

by e

possibility of regulating the rotational speed of the engine enhances energy performange and
although it entails a highr initial investment, the variable speed concept shortens the payback

LISNA2R YR AYyONBlasSa

3.5 Optimization ToolUsing aUnit Commitment Approach

LINRPUG & @

The optimal dispatch of cogeneration devices in a Virtual Power Plant (VPP) can be performed using a
Mixed Integer Linear Programming (MILP) model. In order to undertake studies in the field of
operating CHPs or other distributed energy devices, the first step is often to build up the model. The

following descriptionstates the most common equation to builgh @ MILP modelAside from this

[3-23] contains a comprehensive list of constraints used for modelling the dispatch of a VPP.

The objective of the optimization algorithnto minimize the operational cost of the systerlis

expressed in equatio(B-1) and is extended in equatior{3-2). The operational cost is the sum of the
fuel cost of the CHPs and boilers&Goier). Converselythe savings include the revenues due to the
sale ofelectricity to the grid (Gi¢) and the savingsewingto the selfconsunption of the electricity

generated by the CHP (G):
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T N
min objective function = Z Z [Castw (t,n) — Savings(t, ﬂ]) (31)

t=1n=1

T N
min = Z Z (Cenp(t,m) + Cyoipor (81) = Groeqr(tm) — Ggria (L. n)) (3-2)

t=1 n=1

The relationship between the electric and the thermal output of the CHP is described in eqg{Btion
3). In a similamanner, equationFehler! Verweisquelle konnte nicht gefunden werdedetailsthe
electric output and the primary energy. The parametess &y, g, and b are calculated from
measured data of commercial C$lprovided by the IEA annex 54 atiibse reported in [3-24].
Figure3-11 showsshows the linear relationship between electric and primary energy (dashed line)
and the electric and thermal energy (full line). The markers correspond to the measurad dat
Conversely, is a binary variable that indicates the on/off status of the CHP.

Q.ch'p (t’ ﬂ':] = a"th [ﬂ] : Erch-;: [t’ﬂ':] + bth (ﬂj ’ T(tﬁﬂ'j (3-3)
Pp(tm) =a, (n)- E’EhFJ (t.n) +b,(n) - y(t,n) (34)
20

[y
wu

. / Porim= 3.8749*E 4, + 0.7952

/ Qunp = 2.5413% 5+ 0.6886
5 [

Thermal/Primary Power [ kW]
=
o

Electric power [kW]

# Thermal vs Electric @ Primary vs Electric
Figure3-11: Technical characteristics afMicro-CHP

Constraints
The optimization is constrained by several operational and technical conditions. The operational

corstraints ensure that the heat deman@ {emang Will always be met using the CF@C&), the boiler

(Obouer), or that the heat that is discharged from the thermal storage buﬁ@rc)( as described in
equation(3-5):
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Qdamrxnd (tr ﬂj = Q.ch*,t:l (tr ﬂj + Q.boi:sr(t!ﬂ] + Q.c (t’ﬂ] (3—5)

The state of charge of the storage tank @ calculated using equatid-6). The efficiency of the

storage tank 6 ¢) is assumed to be constant. The time sta)(of the analysis is 15 minutes:

Q.. (t.m) =n, = Q. (t—1,n) — Q. (t.,n)*At (3-6)

It is assumed that the boiler has a constant efficiency, dnéerefore, the primary energy can be
estimated as in equatio(8-7).

Pboi!sr(tln:] = Qbﬂ‘“ﬂ—?"(t’ﬂ] (3'7)

boiler
The cost othe CHP system (boiler and primary mover) can be calculated by multiplying the primary

energy consumption by the gas prid% ;. This is illustrated in equatiqB-8).

Cch*p (t: ﬂ:] + Cboi!ar(t!n:] = (pEHP(tJ' TE:] + ﬁboi!ar(t! tj) ’ Pn,g (3-8)

Converselythe electric demand is the aggregated electric demandhef houses. Therefore, the

electricity generated by the linked CHFE,) is equal to the sum of the individual production of
each CHP device:

N

Ecup (1) = Z Erch?; (t.,n) (39

n=1
The electricity generated by the CHR() can be used inside the VFER,{,) or soldon the electricity
market € gi):
Ercﬂp (t) = Er!ocrz! (t) + Ergrid (t) (3-10)
Consequently, the revenues obtained from selling or using the produced electricity are estimated in

equation(3-11), where R, represents the market price ang,Rthe priceto buy electricity from the
grid.

1 The efficiency of the storage tank represents the percentage of heatghegerved fronthe storage after it
has been stored during one time step.
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Grocar () + Gerip (8) = Py * Eppogy (£) + Popor * Ergr'z'd (t) (3-11)

Conversely some technical restrictions prevent exceeding the operational limits of the machines
when they are turned on. This is expressed in equat{8r2) to (315) for the thermal storage, the
boiler, andthe CHP, respectively:

0< Q.(tn) < Q. _(n) (312)
0 < Qyoster (t:1) £ Qooitar_max (M) (3-13)
Qenp min = Qenp (61 = Qrnp max (1) (3-14)
Eonp min = Eonp (01) = Evpp e (M) (3-15)

Other technical constraints control the minimum start up time of the CHP device. This is performed
as explained in3-25] and it is important to consider this in order to avoid wearing out the
machiney.
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4 Performance Assessnmée

One key goal of Annex 54 isdoaly® the benefis micro-generation caryield regardingthe energy
supplesof buildings.ConsequentlySubtask B was dedicated to performance assessnieside from
investigating performance factors as efficiencies orergetic effort to deliver defined energy
services, aspecigcludingprimary energy demand, connected greenhouse gas (GHG) emissimmhs
occurring costs have been taken into account.

The method to evaluate the energy, environmental and economic perfocmaistermed 3-E
analysis, aslustratedin Fig. 41.

( ) . 4 )
[ Primary Energy ]
I Conversion/ I
Distribution
L E m—
T
- ™ )
2 m
4 - Poly-Generation System ‘ 3
o (Simulation Model) 73
k )| 8
S — -
[ Heating ] [ Cooling ] [ Electricity ]
L L Building/User Requirements L |

Figure4-1: Scheme of 3E analysis

4.1 Methodology

The performance assessmentsf Annex 54are based on Annex 42 methodology definitions.
Additions have beemadeto implementcooling, energy storag@nd to be able to assess complete
micro-generation supply systems.

An approachin evaluaing the energy, environmentaland economic performance of a miero
generation systema{ternative system, AS) is to compare its primary enedgynand PB, operating
costs OQ and equivalent CQemission ., ) with those of a reference system (oonventional

system, CS)yith respect to a specific time periodhetime period used isypically an annual basis
[4-1, 42, 43], Fig. 42.
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Figure4-2: Energy flow of alternative and conventional systems
The following systems are suggestedtasventionalreferencesystemdq4-1]:

1 condensing gas boiler, providing heat for space heating and DHW

1 electric compression chiller, provid) cold for space cooling

1 electricity supply from the power system through the electric grid

Energy analysis

The primary energy saving achieweilh a polygeneration system can be evaluatedth respect to
the referencesystem,by means of the Fuel Engr&aving Ratid-ESR[4-4]:

PE
FESR = cs AS _ 1. AS (4_1)

where PEsand PEsare primary energy inpstto CS and AS, respectively.

Environmental analysis

From the different environmental parameters that could &#ealy®d, suchas GHG emissions, land
use and acidification potential, GHG emissions have beetectedas one of the most relevant
parameters for energy supply systems in buildings.

The main pollutant contributing to global warming is carbon dioxide)Génitted by combustion
based processesThe reduction inCQ emissiors that an alternative system can guarantee with
respect to the conventional one can be evaluated, typically on an annual basis, as:

ccs - Mo, as Mo, as

oL (4-2)

mcoz-cs mcoz-cs

mCO

DCO, = —

where NMeozcs Meozasare the Cemissions of the systems

These emissions can be calculated from the applied energy carriers g@uificemission factors

Hcoz

Aside fromCQ, other greenhouse gasesustbe taken into accounf4-3).
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mCOZVeq-CS - mCOZVeq-AS mCOZVeq-AS

DCO, = =1. —22 (4-3)

mCOZ‘eq-CS mCOZVeq-CS

where Meozeecs aNd Moz s are the Cequivalent emissions of the systems

These can balsoderived by takinghe global warming potential (GWP) of a process into account.

m = GWP QOm (4-4)

CO, eq

Economic analysis

In order to evaluatewith a simplified approachthe economic performance foalternative and
conventional systems, the commonly used parameters are the Simple Pay $RBk the Net
Present ValueNPV, the Profitability IndexK)), and the Internal Rate of ReturtRR.

By means of the SPB method, the number of years requinedrder to recover the higher
investment cost of the alternative system with respect to the conventisgatemcan beevaluated:

EC

. (45)

SPB =

=~

=1

where ECis the initial extra cost of AS with respect to CS Brid the yearly cash flow foregrk, i.e.
the difference in operating costs betweéme conventional and alternative system.

The NPV compares the discounted cash flows in a given time periagdygars) with the initial
investment extra cost:
n Fk

NPV = j
k=1 (1+ a)

- EC (4-6)

wherea s thediscount rate.
ThePlevaluates the ratio between the discounted cash flows andgfie
. F

A 1+a) (47)
EC

Pl =

Both inNPVandPlindices the discount rate is fixeda priori Insteadthe IRRmethod evaluates the
value ofathat annuls theNPV

= EC (4-8)

TheIRRrepresents the value of the interest rate over which the project idamger economically
profitable in investments for which a banking loan is used.
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Frame conditions

One of the most important issgan the 3E analys is the characterization of the reference system,
in terms of:

| "mref  €nergy performance factor of reference system for electricity supply (ratio of
electric energy output to primary energy input, [K&kWhed)

i My, .« : equivalent carbon dioxide specific emission factorthefreference system
for the electricity supply (ratio of equivalent Ge@missions to electric energy output,
[kGcoz,e4kWhe])

1 " 1hret €Nergy performance factor dhe reference system fothe heat supply (ratio

of thermal energy output to primary energy input, [K\WkWhpgor KkWhr/kWhpd)

1 M : equivalent carbon dioxide emission factor of natural gas (ratio of equivalent
CQ emissions to primary energy input, fkg 4kWhed)

1 EER.o i €nergyefficiencyratio of the reference system fothe cold supply @tio of
cooling energy output to electric energy input, [KWHKWhg])

On estimating the energy and environmental performance of the reference system based on
ASLI NI GS AGLINPRAZOGAZ2YéS GKNBS RAFTFSNBYG | LILINERLE O
performance and Cgfactors on the basis of a national/regional technological mix. The second is to

use thebest available and economically justifiablechnology (BAT), e.g. a combined cycle natural

gas fired power plant for electricity supply. The third isusethe values provided by some national

or international directive, such as European Directive 2004/8/EX]. [4

Two different approaches can be used when selecting the specific emission factors:

1 WGl yRINRQ S¥Aideavikh2thye Infelg@deér#eNtil Panel on Climate Change
(IPCC) principles, which cover all the, EQissions that occuswingto energy consumption,
either directly due to fuel combustion or indirectly via fuel combustion associated with
electricity and heat/cold usage. The standamission factors are based solely on the carbon
content of each fuel. In this approach, £i® the most importantGHG However, other
greenhouse gases casobe included in the analysis.

| Life Cycle Assessment emission factomhich take into considetion the overall life cycle of
the energy carrier. This approach includes not only the emissions of the final combustion but
also allthe emissionsfrom the supply chain. It includes emissions from exploitation,
transportation, and processing (e.g. refing steps in addition to the final combustion. In
this approach, the GHG emissions from the use of biomass/biofuels, as well as emissions of
certified green electricity, are higher than zero. If this approach is used, greenhouse gases
other than C@may pgay an important role.

Furthermore, the C@emissions from the sustainable use of biomass/biofuels, as well as emissions of
certified green electricity, are considered to be zero.

Thefollowing parameters should be defined to perform the economic feasilzihialysis:
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Grid

up " unitary price of electricity from the grid, (ratio of electric engigpst

12 RStADSNBR St oo0fikMid SYySNHES wek]?K
UR unitary price of natural gas (ratio of natural gas cost to its standard volume,
we KY Ye k39 or $/Nm?). In orderto convert energy quantities to volumetric

gquantities, a suitable lwer Heating Value of natural gatH\We [KWh/KQ],
[kWh/Sn?] or [KWh/NnT]) mustbe used

In Tab. 41, the parameters for reference system characterization used by some Annex 54
participating groups are shown.

TaHe 4-1a: Parameters for reference system chacterizationproducedby some Annex 54 participating groups

Ital
Germany USA (Uni S:Znnio Japan UK
TUM,FfE NIST ’
( ,FfE) ( ) SUN)
Natural gas
_ furnace (NC) SB
Type of device| SBc¢CB
A/A Heat CB
_ Pump (S@)
Heating
AFUE = 94%
SB=80% (NC) SB = 8§90%
R ~ g ~ 73.5%
CB=95% HSPF =8.5| CB =98102%
(SC)
Natural gas
Type of device (NC)
Storage Electric (SC)
water
heater EF = 0.7 (NG
' Th,Wh,ref['] EF =0.92
(SC)
. Air Air cooled
Type of device . . .
conditioner electric chiller
Cooling EER = 3.0
EERoolref[-] SEER = 13| (average) 3.5
(BAT)
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Table 41b: Parameters for reference system characterizatiproducedby some Annex 54 participating groups

Ital
Germany USA (Uni annio Japan UK
TUM,FfE NIST
(TUMFIE)|  (NIST) SUN)
1%
Vb 42.09 (Italian (dB: tir:e)
el s8s% | o0 mix) o 804
J 54.3% (BAT) | oo
(nighttime)
Vary by
My rer 540 :gri;)ir; ;llj)(;tnhd 57?;r (()I(t)a(l:;Tr;lix) -
.o | [GcodKWhe]
Electricity overall)
7% (US
T&D losses o ( 6.23% (average)
average)
0.1
o 0.243 peak houry .
up_" (industrial)
¥ 0.225 offpeak 0.17
we K H2 K hours 0.2
(domestic)
PERe 1.1 -
[kWhedkWhod
0.947 _ 0'5.
, (industrial)
URewe KK Y 0.771 for MCHP 0.424
Natural use 1.2
domestic)
gas (
m
Ne 205 207 205
[IcodkWhpd
LH\c
9.52
[KWh/Nm?’]

'NC = Northern Climate; SC = Southern Climate;

%a lower value is assumed for MCHP use, depending on its electric effidiachyding T&D losses;

“*pbased on HHV;

®considering A HV of 9.99 kWh/Sin

SB = Standard Boiler; CB = Condensing Boiler; AFUE = Annual Fuel Utilization Efficiency; HSPF = Heating Seasondidutoioi@tzaRe
= Seasonal Energy Efficiency Ratio
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4.2 TestProcedures

Several standard testing procedures wemepared or are in a developing phasi& many countries

in orderto provide test methods for determining the performance of CHP and MCHP devices. In fact,
it could be useful to define a procedure for testigg-ante, the energy performance of a devitkat

is representative of a unit type. This procedure ds alternative to the conventionakxpost
assessment of energy savings achieved by each installedwhidh is not economically justified,
especially in the case of a very large number of smadtisinits. For example, manufacturers or
energy service companies that expect to install a large number of identical units in similar
applicationscan use he ex-ante method, allowingthem to classify the energy performance of the
MCHP with tests conducted a certified test facility by an independent third party.

These standard procedures usually specify the equipment and instrumentation reqthieetgst
methods andthe calculation procedures. In particulahey characterize the cogeneration unit both
at nominal operating conditions and according to appropriate test cyelagh typically vary with
geographical characteristics and meteorological conditions of the installation location.

Examples of such standard procedures for cogeneration devicesdotows

UNITED KINGDOM: Publicly Available Specification 67 (PASG7), [4
ITALY: prUNI E0204A073 (in staydl [4-7]; UNI/TS 11304, [4-8]
EUROPE: prEN 504659]4

GERMANY: DIN 4709;1d]

JAPAN: industrial standards for performance and safedtjrig of CHP

= =4 —a —Aa A

For example, Fig.-& illustratesthe thermal load profile for heating purposeas defined by DIN
4709. Sincehe return and supply temperatures have to be controlled at constant levels of 30 and
50°C, respectively, the heat rejection can ddjusted by the volume flow ratenly in the heating
circuit. This thermal profile load does not match the profile of a day in winter for a properly designed
CHP planbecausethe mean ratio of heat demand to nominal thermal power of the CHP unit should
be much higher. For similar reasons, the profile is not comparable to a day in summer, where this
ratio would be much smalleswingto low heat demandsThe profilerefers to a day in spring or in
autumnor, in other words, toa transition time during the yar. In fact,becauseit is not feasible to

test cogeneration units for a period of one full year, any stooitt method should represent the
variable heat demarslduring the year agppropriatelyas possible. Obviously, neither winter days
nor summer daysan serve as a meaningful profile to this aimL|.
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Figure4-3: Thermal load profile déned by DIN 4709

From a comparison of thanaly®d standards [4.2], it was derived that they have many common
general elements, for example:

1 the MCHP has to besht-led

9 they refer to a control volume that includéhe whole heating system, ngiistthe MCHP

9 they require only a limited number of tests, both at nominal operating conditions and
according to appropriate test cycles

1 they specify the equipment and instmentation required, such as sens@scuracy

9 they define the reference testing conditions (supply and return water temperatures, etc.)

Nevertheless, some major differences can be detected; for example, they differ in terms of:

1 the limiting value of powetelectric, thermal or primaryin terms ofapplicability
1 the thermal load profiles:

A the ltalian standard defines four day types
A the Germarstandarddefines a single profile

A in the UK standargdthe heatload profile is represented by the number of days pe
heating season with 13 palbad bands

1 the type of energy performance parameter, that can be either enelmsed or
environmentalbased

However, m conclusion, theanalygd national standard methodologies seem to be based on the
same fundamental element3hese elementgan be also applied for the performance evaluation of
micro-cogeneration systems, either for experimentdifysed assessment studies,for experimental
calibration and validation of models to be used in simulative apalys
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4.3 Review on Nabnal Studies

In the framework of Subtask B of Annex 54, contributing groups developed (mainly by simulation) a
library of among other variableg;ountry-specific simulations, experimental and field test studies
covering several technology types and conations, climatic conditionsand end-users. These
studies evaluated the performance of different miggeneration configurations (hybrid, pely
generation, etc.) within different operational contexts, and produced couspgcific performance
related data

The aim of this section is to highlight the main resultshefperformance assessment carried out in
the countryspecific studies, as well as in other anafydeveloped by Annex Egarticipating
countries.

4.3.1Country-Specific Simulations, Experimental drrield Test
Studies based on CHP systems

Japan

A performance assessment study wamductedfor a number of micra&combined heat and power
generation systems in re®dtial buildings in Japan, {43]. The authors developed a residential
energy enduse similation model, in which the entire household stouwlas classified into several
categories according to a number of criteria that directly affect energy consumption. This model can
estimate all the demand profiles at fisainute intervals. Furthermore, houbkeld typesare divided

into detailed categories in order to account for the variation among households.

The performance in terms of primary energy consumption; €fissiors, and costwasanaly®d for
different cogeneration technologies, namely natural -fiaslled ICES(MGE), polymer electrolyte
membrane fuel cells (PEFC) and solid oxide fuel cells (SOFC). Conventional systetosdemsing
water heater (LHB) were also evaluatectcastrols

These systems were examined for 19 household categories (iffiet fbr the number of household
members, family compositigrandthe number of employed household occupants), 12 building $ype
(sixcategories for detached houses asid categories for apartment houses, according to floor area)
and four different themal insulation levels.

Simulation models for conventional and cogeneration systemre developed. In these models, the
efficiency of each systemasdefined based on the manufacturéidesign value.

The rated power generation capacity ramgegetween 0.5and 1.5 kW for each household category.

In this study, aly domestic hot water preparation was consideredto be covered bymicro-
cogeneration systems and water heaters. All electricity from ratargenerationwasassumed to be
consumed in the residence. &ltapacity of MCHP unitgas optimized forthe electricity and heat
demands of each house.

Electricity and gas tariffs, weather datnd annual primary energy consumption of the residential
sector of Osaka City (population: 2.6 million, households: lllnmjiwere used.
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Fig. 44 shows the total annual primary energy consumption for a fo@mber family.

== power generation
— as
mmmm clectricity

Annual energy consumption
(GJlyear/household)
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gH1
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o43d
040S

Figure4-4: Total annual primary energy consumption for a fearember family

Negative valusmean power generation by micigeneration. Total energyonsumption is shown as
abold line. Since SORrasoperated in response to the electricity demand due to a lower Heat
power ratio, it generatd approximatelytwo-thirds of the total electricity consumption. SOFC also
demonstratedthe highest energy redttion rate from the baseline, 120%.

A further result of the study is that the performance of cogeneration systsmongly depends on
the household type (number of household members).

Italy

The performance of a residential buildingtegrated micrecogeneration system during the heating
seasorhas been investigatedsingbuildingsimulation software (TRNSYS}14.

Themicro-generationsystem was based on a natural gaslled RCenginebased cogeneration unit
with nominal electric and thermal outpuated at6.0 and 11.7 k\Wrespectively Auxiliary thermal
energy was supplied by a natural ¢aed boiler; the heatwas provided by both the MCHP device
and the boiler and was accumulated within a storage tank. The cogeneration system sogply
thermal and electric energy to a muitamily housewas compliant with the transmittance values
suggested by lItalian Law. In order to evaluate the influence of the climatic conditions, the analyses
were performed by considering multi-family house located in for different Italian cities (Palermo,
Napoli, Romaand Milano),representingthe different Italian climatic conditionsSystem operation
was also evaluated by considering two different eleetiégenand profilesin the first, the operation
of lighting systms and other domestic appliances was considered, while in the settenelectric
consumption associated to the overnight charging of an electric vehicle was added.
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The energy, environmentand economic sensitivity anaswere performed with both ektric and
thermal loadfollowing control strategies of the MCHPor each scenariohé simulated performance

of the MCHRwvas compared with the performance of a conventional system consisting of a natural
gasfired boiler andan electricity supply from th national grid.

The cogeneration unit was simulated by using the detailed dynamic model developed within Annex
42. It was calibrated and validated on the basis of laboratory tests performethdnSecond
University of Naples.

The combined tank for both laging purposes and domestic hot water production was modelled by

YSIEya FFLINVKSHTE P ¢KS 2LIAYEFE @FEfdzS 2F GKS Gy

sensitivity analysis; three different commercially available hot water stotagks, characterzed by
different sizeswere considered: TANKI0.855 n¥; TANK2=0.738 nf; TANK3-0.503 .

The layout of the building is a multiplication of a siaigmily housetype building geometry. All
three floors have the same useable floor area (963 while the net height of each floor is 3.0 m.
Fancoils are installed into the building in order to balance the sgaeating sensible load.

The quantity of kat originating from occupants, personal computerand lighting systems was
assumed to contributetot® A YU SNYFf I Ay aR IIF piKISé oad Ry IR
the building envelope, indoor air sebint temperature, infiltration and internal gains.

The domestic hot water demand profjlevith an average basic load of 2@fay, was used for
estimating the demanslof each flat, according to the profiles defined within \BAC Task 26.

The electric consumptions of appliarscerere derived from a domestic electricity demand model,
developed at Loughborough University (UK). The electric consampssociated to the overnight
charging of an electric vehicle was derived from data provided by a manufacturer. The electricity
consumption of auxiliar applianceg¢fans and pumps) was also taken into account.

The FESRs a function of the city, the MCHBntrol logi¢ and the electric demand profilere shown
in Fig. 45. It is worth noting that:

1 the values ofthe FESR are always negative in the case of electricfédiaaving logic and
positive in the case of thermal loddllowing logic

1 the overnight dectric vehicle chargingpcilitates a significant increasén FESR only in the
case of electric loafbllowing operation

1 for thermal loadfollowing operation without the electric vehicle charging, the maximum
value ofthe FESR is obtained when the builglis located in Napoli or Milano

The C® equivalent emissionsf the alternative system during theomplete heating season, as a
function of the tank volume (TANK1, TANK2, TANKS), thentythe MCHP control logicave been
analyed. The electriedemard profile without the overnight charging of the electric vehicle was
considered. The tank with the largest volume (TANt&at)litates minimizing the C@®equivalent
emissions of the alternative system, while the tank with the intermediate volume (TANKZYgs0
the maximum pollutant emissions. ltne case of electric load followirgperation, the operation
with TANKIfacilitatesreduction of C@emissions ranging from 3.6 (Palermo) to 4.7% (Mildno)
compaisonwith TANK2In the case of thermal load follang-operation, thereduction inemissions
with TANK1was in the range 0f9.1 (Napoli) to 15.7% (Milanah compaison with TANK2. The
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thermal loadfollowing logic produces lower values of carbon dioxidequivalent emissions in
comparisorwith the electricload-following control strategy.

O Electric load-following
WITHOUT electric vehicle
charging

® Electric load-following WITH
electric vehicle charging

O Thermal load-following
WITHOUT electric vehicle
charging

® Thermal load-following WITH
electric vehicle charging

PES (%)

< ~ O
City Milano %\;5—‘(\

Figure4-5: Values of FESR as a function of city, MCHP control,lagit electricdemand profile.

Canada

A study has been performedo analy® the hybridization of &SEbased residential cogeneration
system with solarhiermal systems to meet the space and water heating loads of a typical Canadian
family houséold. Simulation resultfrom four hybrid system configurations applied in various
locations in Canada are presented and compared to base case systems withounmatigr-15]

The hybrid systems were simulated in TRNSYS for various locations in @gomadanting different
climatic conditions Performance of the hybrid systems was compavéth that of a reference
systemthat did not receivaenewable energy input

A SEbased micrecogeneration system is the heart of the Base Case system. The SE provides heat to
a 284litre DHW storage tank through an immersed heat exchanger. A second heat exchanger in the
tank allows heat to be extracted for space heating throaghot waterfed air handler. The storage

tank is equipped with a baekp boiler to provide additional heat in case the SE is not able to keep
the DHW water at the desired temperature level.

Solar heat is used in four variants of a hybrid renewailero-generation energy system to replace
fossilfuel energy for space heating and DHW productioncdses 1 and 2, solar heat is only used to
heat DHW; incases 3 and 4 the output of the solar collectors is used for both DHW and space
heating.Cases 2 and 4 d#éf fromcases 1 and 8 thatthey have a preheat tank interacting with the
solar circuit, aimed at enhancing the solar yigldh 4-2).
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Table4-2: Overviewof the different system layouts considered

Casel| Case2| Case 3| Case4
Solar DHW preparation X X X X
Solar support to space heating X X
Preheat tank integrated X X

The micrecogenerator modeWasbased on the Annex 42 combustion cogeneration magséhga
model calibration resulting from experimental testing of a modeé3& The Skvasoperated inan
on/off mode and produce approximately7 kW of heat.

¢wb{Te{LlSa podé¢ o1 a& dzaSR (2 Y2RStplatd sofar colec®Mhef LIS NJ
solar collector model was calibrated on the basis of manufacturer specifications. The soldoillec
were assumed to be installed at the optimum angle for the investigated locations.

Heat storage tanks were modelled as vertical storage tanks with immersed -talledheat
exchangersand with flow streams passing in and outtoé tanksd ¢ wb Jypep o ¢ 0 ® 9 OK & 3
tank was divided intden isothermal temperature nodes to model stratificatianithin the tank.

The house modelvas based upon the twin research houses of the Canadian Centre for Housing
Technology in Ottawa. A daily schedule was igpphcorporatingsixDHW drawstotalling 200 litres
of hot watereachday. The main results for the simulated cases are presented in F&. 4

The Base Case systamas simulated for four cities in Canada: Vancouver, Calgary, Ottawa, and
Halifax. These tiés represent different geographical areas and climates. The operational
characteristics of the Base Case systgare very similar for all location€Cases 1 and 2 use solar
heat for DHW production. The reductions in natural gas consumption and GHGoaswesie 9.9%

for case 1 and 12.2% faase 2in compaisonwith the Base Case.

Solar heawasused incases 3 and 4 for both space heating and DHW. The reduction in natural gas
consumption and GHG emissionas11.2% forcase 3 and 10.4% faase 4 whenthe locationwas
Ottawa. For bothcases 2 and 3, the operation and performance of the hybrid sysisere very
similar over the range of heating conditions for thealy®d cities.

Parameter variation cases weperformed in orderto investigate the effecobf doubling the solar
collector area, doubling the volume of the heat storage tanks, and removing théldespump
between the two heat storages. Furthermore, a number of simulations yweréormed for case 3
(Ottawa) with a variationn solar panel angl. A slightly higher angle (50°) than the 37° used in the
first round of simulationsvas found to bdavourabletowards optimum overall efficiency.

With the solar panel at the optimum angle of 50°, two routes for further optimization were
investigated. Thdirst route was focusedn maximizing the use and performance of tB& while

also trying to capture the greateguantity of solar heatOwingto its similarities tocase 1, this case

ga O f iCBRIMNMYARBSR@M® 2 A0GK | ™moubarnhd aNdBdrtDdmisddoyis Ay V|
this configuratiordemonstrateda better performance than both the originedse 1 andase 3 with a

solar panel angle of 50°.
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The second route for optimization was the application of the hybrid system with delmperature
heating (LTH) system, i.e. a floor heating system. Usgigidar configuration to &se 3, the results

for case XLTH clearldemonstratethe positive effect of lower heat storage temperatures on the
performance of theSEand the solar panels. The thermefficiency of theSEincreased to 73.6%n
compaisonwith 70.5% forcase 3 with solar panels at an angle of 50°. The heat production by the
solar panels increased by 6%. CagkeT¥Hexhibited the highest reduction in natural gas use and
associated GHG ersisns of althe evaluated cases: 15.0%.
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Figure4-6: NG savings and GHG emission reduction for simulated cesesmpaisonwith the Base Case for the same
location

From this study, itvasconcluded that:

9 adding solar collectors to a residential cogeat@n systenresulted ina reduction in annual
natural gas consumption of &05%, which corresponds to a reduction of approximately
700c1200 kg GHG per house per year

1 providing low heaexchange temperatures for both th&Eand the solar thermal systemas
well assufficient storage capacity for the collected solar heat is crucial for high system
efficieng

1 system performance increadevith solar collector area

the angle ofsolar panels has a limited impact on the overall system performance

9 the hybrid systens demonstratedsimilar operation and performance when applied in four
cities across Canada with a broad range of heat demands

e
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Germany

In order b calculate the potential of smadicale cogeneration in Germany, technical daten MCHP
systems and performance data from field tests and laboratory experimem&re taken into
considerationin [4-16]. The business areas were selected according to a significant heat deforand,
example,a butcher shop, a small hotednd a fithess cemé. To derive the economijmotential, cost
data of the systems, tariffs for electricity and natural gawd the current regulatory framework have
been included.

Fig. 47 illustratesa sensitivity analysis of such a system. In addition, the base values for the different
parametersare included in the legend. A MCHP system with a maximum electrical output of 50 kW
and a thermal output of 120 kW, achieving 5000 fldhd operating how annually, is considereith

the analysis.

The profit is very sensible terms ofthe utilization time, the electricity purchase costand the
investment costs. The crucial parameter is the utilization time; a decrease of only 5% would lead to
an economic deficitrom the CHP system.

1200
! - Utilisation Time (5 000 hty)
N\, == |Investment costs (25000€) |
1RO — Natural gas price (0.06 €/KWh)
- N\, Electricity feed-in (30 %)
uz 800 G == Electricity feedtin tariff ~ (0.05 €/kWh)
o \\\,‘ — Electricity purchase costs (0.20 €kWh
2 600
©
z
€ 400
<
200
0
0%
-200

Figure 4-7: Influencing factors on annual total profit of MCHP
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4.3.2Counry Specific Simulations, Experimental and Field Test

Studies based on CCHP systems

Korea/Canada

TheCanmetENERGY Research Centre and Korea Institute for Energy ResearengK/E&dRseven
systems,incorporating conventional, micregeneration and renevable energy technologies, for
applications in residential and commercial buildings] T#

T

Case l:conventional set ug, a boiler and chiller to meethe heating and cooling demands
of a single detached house

Case 2the same conventional set up aase 1¢ aboiler and chiller to meethe heating and
cooling demands of an offidauilding that has the same layt as the house inase 1

Case 3asimple summation ofase 1 anatase 2 systems and loads

Case 4:aload-sharing setup featuring common boilerand chillerbeingused to meet the
combined loads of both the house atitk office

Case 5aload-sharing case with a GSHP to meet the combined loads

Case 6:a loadsharing case where a hybrREMFC an@GSHP system is used to meet the
combined loads

Caser: aloadsharing case where a photovoltaitermal (PVTand GSHP system is used to
meet the combined loads

As an example, the more complex system (caseilljssratedin Fig 4¢8.

Figure4-8: Layout of case 7.

Detailed simulation models were develed using the TRNSYE/ software platformand were
SYKFYyOSR gAGK f1FGSad Yl ydzFI Ol dzNB mBotporaded Gitawd Y &
(Canada) weathemnd thedata overthe coursea yearwere analysed
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