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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.
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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
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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.
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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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