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Preface
International Energy Agency

The International Energy Agency (IEA) was estaldsim 1974 within the framework of the
Organisation for Economic Co-operation and Develepirto implement an international
energy program. A basic aim of the IEA is to fosteroperation among the 24 IEA partici-
pating countries and to increase energy secunibutfh energy conservation, development of
alternative energy sources and energy researck|apgaent and demonstration.

Energy Conservation in Buildings and Community Systms

The IEA sponsors research and development in a eupflareas related to energy. The mis-
sion of one of those areas, the Energy ConservétioBuilding and Community Systems
Programme (ECBCS), is to facilitate and acceletta¢eintroduction of energy conservation
and environmentally sustainable technologies imalthy buildings and community systems,
through innovation and research in decision-makimglding assemblies and systems, and
commercialization. The objectives of collaboratwerk within the ECBCS research and de-
velopment program are directly derived from the @ng energy and environmental chal-
lenges facing IEA countries in the areas of comsion, the energy market and research. The
ECBCS addresses major challenges and takes adeaatagpportunities in the following
areas:
» exploitation of innovation and information techngyo
* impact of energy measures on indoor health andilitgabnd
* integration of building energy measures and toolshanges in lifestyle, work environ-
ment alternatives and business environment.

The Executive Committee

Overall control of the program is maintained by Executive Committee, which not only
monitors existing projects but also identifies namas where collaborative effort may be
beneficial. To date, the following projects haveménitiated by the Executive Committee on
Energy Conservation in Buildings and Community 8yst. Completed projects are identi-
fied by an asterisk (*).

Annex 1: Load Energy Determination of Building$ (*
Annex 2: Ekistics and Advanced Community Energgt&ms (*)
Annex 3: Energy Conservation in Residential Buitgdi (*)
Annex 4: Glasgow Commercial Building Monitoring) (*
Annex 5: Air Infiltration and Ventilation Centre

Annex 6: Energy Systems and Design of Communities (
Annex 7: Local Government Energy Planning (*)

Annex 8: Inhabitants’ Behaviour with Regard to Yiation (*)
Annex 9: Minimum Ventilation Rates (*)

Annex 10: Building HVAC System Simulation (*)

Annex 11: Energy Auditing (*)

Annex 12: Windows and Fenestration (*)

Annex 13: Energy Management in Hospitals (*)

Annex 14: Condensation and Energy (*)

Annex 15: Energy Efficiency in Schools (*)



Annex 16:
Annex 17:
Annex 18:
Annex 19:
Annex 20:
Annex 21:
Annex 22:
Annex 23:
Annex 24.
Annex 25:
Annex 26:
Annex 27:
Annex 28:
Annex 29:
Annex 30:
Annex 31:
Annex 32:
Annex 33:
Annex 34.
Annex 35:
Annex 36:
Annex 37:
Annex 38:
Annex 39:
Annex 40:
Annex 41.:
Annex 42:

Annex 43

Annex 44:
Annex 45:
Annex 46:

Annex 47

Annex 48:
Annex 49:
Annex 50:

BEMS 1 — User Interfaces and Systenghatéon (*)

BEMS 2 — Evaluation and Emulation Teghes (*)

Demand Controlled Ventilation System)s (*

Low Slope Roof Systems (*)

Air Flow Patterns within Buildings (*)

Thermal Modelling (*)

Energy Efficient Communities (*)

Multizone Air Flow Modelling (COMIS) (*)

Heat, Air and Moisture Transfer in Eropas (*)

Real time HEVAC Simulation (*)

Energy Efficient Ventilation of Large &@osures (*)

Evaluation and Demonstration of Domeégaatilation Systems (*)
Low Energy Cooling Systems (*)

Daylight in Buildings (*)

Bringing Simulation to Application (*)

Energy-Related Environmental Impact oild@ngs (*)

Integral Building Envelope Performanceséssment (*)

Advanced Local Energy Planning (*)

Computer-Aided Evaluation of HVAC SystBerformance (*)

Design of Energy Efficient Hybrid Veatilon (HYBVENT) (*)
Retrofitting of Educational Buildings) (*

Low Exergy Systems for Heating and Gapbf Buildings (LowEX) (*)
Solar Sustainable Housing (*)

High Performance Insulation Systems (*)

Building Commissioning to Improve EneRgrformance (*)

Whole Building Heat, Air and Moisture Rease (MOIST-ENG)

The Simulation of Building-Integrated FGell and Other Cogeneration Systems
(FC+COGEN-SIM)

Testing and Validation of Building Energynulation Tools
Integrating Environmentally Responsiver&énts in Buildings
Energy Efficient Electric Lighting for Bdings

Holistic Assessment Toolkit on Energfidint Retrofit Measures for
Government Buildings (EnERGO)

Cost-Effective Commissioning for Existiagd Low Energy Buildings
Heat Pumping and Reversible Air Conditign

Low Exergy Systems for High Performancédings and Communities
Prefabricated Systems for Low Energy Ration of Residential Buildings

Working Group — Energy Efficiency in EducationaliBlings (*)
Working Group — Indicators of Energy Efficiency@old Climate Buildings (*)
Working Group — Annex 36 Extension: The Energy GmiAdviser (*)

Annex 42

The objectives of Annex 42 were to develop simalatnodels that advance the design, op-
eration and analysis of residential cogeneratiatesys, and to apply these models to assess
the technical, environmental and economic perfocaaft the technologies. This was accom-
plished by developing and incorporating modelsageneration devices and associated plant
components within existing whole-building simulatiprograms. Emphasis was placed on



fuel cell cogeneration systems, and the Annex demnsed technologies suitable for use in new
and existing single and low-rise, multi-family résntial buildings. The models were devel-
oped at a time resolution that is appropriate foole-building simulation.

To accomplish these objectives, Annex 42 conduotséarch and development within the

framework of the following three Subtasks:

» Subtask A: Cogeneration system characterizationchadacterization of occupant-driven
electrical and domestic hot water usage patterns.

» Subtask B: Development, implementation and valahatf cogeneration system models.

* Subtask C: Technical, environmental, and econossessment of selected cogeneration
applications, recommendations for cogenerationiegobn.

Annex 42 is an international joint effort conduct®d26 organizations in 10 countries:

Belgium .

University of Liege/Department of Electrical Enginmg and Computer
Science

= COGEN Europe
= Catholic University of Leuven

Canada ]
Finland ]
Germany .
Italy .

Netherlands =
Norway .

United
Kingdom
United States
of America

Switzerland

Natural Resources Canada/CANMET Energy Technologyi@
University of Victoria/Department of Mechanical Engering
National Research Council/Institute for ResearcGamstruction
Hydro-Québec/Energy Technology Laboratory (LTE)

Technical Research Centre of Finland (VTT)/Buildargl Transport
Research Institute for Energy Economy (FfE)

National Agency for New Technology, Energy and Bm¥ironment
(ENEA)

University of Sannio

Second University of Napoli

Energy Research Centre Netherlands (ECN)/Renevicatdegy in the
Built Environment

Norwegian Building Research Institute (NBRI)
Telemark University College

University of Strathclyde/Energy Systems Reseanch (ESRU)

= Cardiff University/Welsh School of Architecture

Penn State University/Energy Institute

Texas A&M University/Department of Architecture

National Institute of Standards and Technology

National Renewable Energy Laboratory

National Fuel Cell Research Center of the UnivgmitCalifornia-lrvine

Swiss Federal Laboratories for Materials Testing Research (EMPA)/
Building Technologies Laboratory

Swiss Federal Institute of Technology (EPFL)/Labamafor Industrial
Energy Systems

Hexis AG (Hexis)

Siemens Switzerland AG (Siemens)
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1 SUMMARY

Cogeneration devices, systems and buildings analgse

The aim of the research project ‘innovative CHReys for energy supply in houses’ was to analyse
whether CHP-systems are a reasonable (in termasefg and emissions) and economically viable
option for the energy supply of residential builghnin Germany. Therefore several MCHP systems
were analysed, comprising two systems with ICE,witke stirling engine and one with a PEMFC.

First, experimental measurements were conducted t@st rig in the laboratory of the Institute for
Energy Economy and Application Technology (IfE) B8 Munich. From these tests, considering
typical daily profiles and characteristics of theating period, daily energy balances of the CHP sys
tems were determined. A projection to annual values done and the energetic quality was expressed
by characteristic parameters. The essential reefiltse tested CHP systems and their comparisons
can be found in (Muehlbacher, Geiger 2007). Thalte$ormed the data basis for the comparison of
systems and profitability analysis (Arndt and Ma€i7).

Two building loads were considered: A 10-appartmmaatti-family house (MFH10) for the ICE and
the PEMFC units, and a 20-appartment building (M&HBr the Sterling unit.

In the first part of the system comparison, thengry energy demand and emissions of the CHP sys-
tems were compared to those derived from a numbesrabinations of heat and grid electricity sup-
ply: Heat supply according to (i) the current Gennbaiilding stock and (ii) best available technology
(condensing gas boiler); grid electricity accordiadi) fuel mix hat would have been used in plate
the CHP system, (ii) average German mix and (&3tbavailable technology (combined cycle power
facility). In the second part of the system comgpami, the primary energy and emissions were derived
for CHP systems with assumed equal power ratings #liminating the influence of different power
capacities of the CHP systems. Additionally, a ipabflity analysis was carried out.

Major results and conclusions
Figure 1-1 shows the specific primary energy consumptionhef CHP systems analysed (assuming

the German electricity mix) compared to the rafeeesystem ‘stock’ (average building stock heating
system, German electricity gridjigure 1-2 shows the corresponding €@missions for these cases.
Reductions in primary energy consumption from 19027.9 % and reductions in G@missions
from 21.8 to 31.3 % were obtained by use of the Giffitems. Even compared to the reference system
with ‘best available technology’, the primary enempnsumption was reduced by 5.2 to 12.7 % and
the CQ-emissions were reduced by 5.9 to 13.5 %.

The system comparison confirms that use of CHPredace primary energy and CO2-emissions in
comparison to separate generation of electricity laeat. The profitability analyses, based on ctirren
economic conditions in Germany indicate that theegated electricity from the CHP system should
be used as far as possible within the buildindfitse

With the detailed measurements and analyses cawjuitte dynamical processes and interaction of
individual elements of the CHP systems as wellhasreaction of the CHP-systems to heating, hot-
water and electrical load profiles were analysed.

Comparative tests of additional CHP systems coughgthen the findings and results of this study,
since more advanced small CHP systems have sinesedrthe market. Further research and optimi-



sation work should also focus on CHP electricaiceffiicy performance improvements and control
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strategies for CHP systems.
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2 INTRODUCTION

2.1 Motivation

In Germany residential buildings are commonly pded with separate electricity and heat supply.
Usually the electricity is provided by an energpply company and the energy required for space
heating and domestic hot water supply is produgeddmventional low temperature boilers or con-
densing boilers.

Currently CHP systems with high power ratings (M ta 100s of MW) are mainly employed for
industry and district power and heating supply. Bmaystems (kW range), mostly with internal
combustion-engines are applied in public and adstretion buildings, hotels and multi-family
houses.

Due to the emergence and commercialization of remlirtologies and the development of systems
with smaller power rating, more CHP systems haw@ine technically and economically feasible in
smaller residential buildings. Yet the energetisegasment and comparison of various CHP systems is
difficult because of the wide range of power ragindisparate usage conditions and temporal thermal
and electrical demand profiles as well as diffetenhnology commercial readiness. At the moment, it
is possible to assess CHP systems through opematpegience of similar devices in use and by using
technical data from manufacturers. However, thigrmation is insufficient to make statements about
practical suitability, profitability and energetdficiency. The CHP system cannot be assessed wtitho
overall examination of its energy efficiency as laapto the thermal and electrical demand profiles

a practical application.

This is the primary reason the research projecioyative CHP-systems for household energy supply’
was initiated with the sponsorship of the energgeaech trust Baden-Wuerttemberg and the State
Ministry of Economic Affairs and Employment. Prdjggartners were the energy supply companies
Bayerngas (Munich), E.ON Energie (Munich), E.ON Rjas (Essen) and RWE Fuel Cells (Essen)
and the system manufacturers PowerPlus Technol@@&mscheid), SenerTec (Schweinfurt), SOLO
Stirling (Sindelfingen) and Vaillant (Remscheidhel'work was carried out at the Research Institute
for Energy Economy in collaboration with the Inst& for Energy Economy and Application Tech-
nology of Technical University Munich.

2.2 Purpose and objectives

The goal of this research project was to implencentparative tests of CHP systems under conditions
as they occure in the residential sector. Forgbgor, CHP systems with combustion engines, ®jirli
engines, fuel cells or micro gas turbines are Badbr the cogeneration of heat and power in multi
family residences. Through detailed measuremerdsaanlyses, a data base was created that allowed
a detailed comparisons between the various CHRrsgsand the current electrical grid, heating and
domestic hot water (DHW) technologies as well ast lavailable technology. Comparisons of both
primary energy and carbon dioxide (§@®missions were to be made.

Furthermore, the potential for an optimisation 6fRCsystems to improve performance and profitabil-
ity was to be identified through variation of reden operating and system parameters.



2.3 Scope

The performance assessment task concentrated eceatthlized, building-integrated energy
supply in the residential sector. The focus washenperformance of the cogeneration system
in its interaction with the building (or a clustef buildings connected via a local network)
and occupant loads in terms of control and energyagement.

This study did not cover topics of quality of elecipower supplied to the grid, power quality
management, the control and power management aspieatcluster of cogeneration devices
(virtual power facility); neither did the currentudy attempt to optimize individual compo-

nents or the respective control system within éiq@dar cogeneration device.

2.4 Performance Assessment Methodology

This report is part of Subtask C of Annex 42. loree of five studies performed in subtask C
on the performance of residential cogenerationesystapplied in houses and/or apartment
buildings in different countries in the world (Calaa Germany, Italy (2), and Switzerland).
All five studies are based upon a common Performakssessment Methodology (PAM). In
order to be able to read this report without pkinowledge of the Annex 42 PAM, the rele-
vant elements are repeated within this report.

2.5 Target Audiences
This report aims at the following readership:
* engineers and researcher involved in energy syatetysis and HVAC design

« users of the building simulation programmes thatehlaeen improved and amended in
Annex 42

< manufacturers of cogeneration devices who wantndyae potential applications and
performance of their products

* energy supply and contractor companies who wagatme the potential for residential
cogeneration with a view to assessing its impadherelectricity supply network



3 TERMINOLOGY

Symbol Description Unit

Nel System electrical efficiency %

Nth System thermal efficiency %

Ntotal System total efficiency %

o CHP coefficient -

CHP Combined heat and power

del,cHP demand Electrical CHP-fraction -

el,cHP, production Share of generated useful electricity -
Oth.crp CHP thermal fraction -

O pB Peak boiler thermal fraction -

DHW Domestic hot water

FE Final Energy kwh

Oel Electrical utilisation ratio -

O Thermal utilisation ratio -

Ofuel Total utilisation ratio -
Kelectricity,conventional ~ COSt Of electricity from public grid €, €/kWh
Kheat conventional Costs of heat from a conventional heating system €/l8&Vh
PE Primary energy kwWwh

Pel net Electrical net power kW
Preverse feed-in Electrical reverse feed-in into the grid kW
Prated Rated power kWo), kWi
QBsoss Heat losses buffer storage KWh
Qtuel Fuel heat consumption KW heating value
Qtuel Fuel power KW iower heating value
Qsh Room heat consumption of the supply object kwh
QoHws-loading Energy amount for hot water storage loading kWh
Qmn Thermal usable heat energy kWh
On Thermal usable heat power kW

Ty Utilisation time h

Weinet Net electricity generation kWh

W setul Net useful energy generation kWh
Wel guilding Electricity consumption of the supply object kWh
Wieed Energy feed-in kWhg
Woeelivery Delivered energy kWhg

Wi cHp useful CHP useful electricity generation in kWh kWh



4  DEFINITIONS

In this section, terms and key parameters for CHP@HP systems and their performance are rede-
fined. Furthermore the mathematical and physicateed and formulae that describe governing proc-
esses are listed, which are used for calculatioddata evaluation.

Decentralised generation

Decentralised energy supply is energy provisiorsystems close to the consumer. In decentralised
systems, energy is not supplied by central largéegoower plants but by several smaller energy con-
version facilities. Hence, a multitude of small moviacilities would be placed in the vicinity of u
tiple consumers. The result is a changing energtenys infrastructure that could change the require-
ments of grid operation, energy management an@égot technologies. Note that central and decen-
tralised energy supply do not rule out each otlheerréther can exist in parallel and complement each
other.

An essential difference with regard to the clasatfon of decentralised energy generation systems i
the prognosis and planning of the generated poespectively. Especially renewable energy tech-
nologies are difficult to plan with regard to gestedd power. A better prognosis (weather, wind, and
radiation forecasts) increases the reliabilitylhef power generation of these systems.

Combined heat and power CHP

Combined heat and power is the simultaneous coioveds input energy in one energy system into
multiple target energies, i.e. mechanical, eleat@nergy, heating and/or cooling energy. Thesgetar
energies are supplied to the final consumer /Stha 0

CHP is applied in the industry where much powererguired (MW to 100s of MW), especially in
sectors where heat is essential to industrial e or for the provision of district heating. these
sectors, big back-pressure and extraction condensairbines have been a fixed part of the energy
supply for decades. In the trade, commerce andcssrgector and in residential buildings, CHP sys-
tems are applied mainly in the form of combustiogiereered CHP’s with power ratings from kW to
MW. CHP systems are only feasible if the end-usbath products is near the point of conversion.
Thus, residential CHP systems may have primaryggmand emissions advantages compared to sepa-
rate provision of electricity from the grid and tieg through local combustion of delivered fuel.

Micro-CHP

The term micro-CHP is not clearly defined. Publmas show different statements about size and
power of micro-CHP systems respectively. A différ@ion regarding the electrical rated power
seems reasonable, whereas the upper limit forifitadon as “micro” needs to be discussed.

The “Arbeitsgemeinschaft flr sparsamen und umvesltfdlichen Energieverbrauch e.V. (ASUE)”
states that a generally accepted definition ofpibwer rating of micro-CHP does not exist at the mo-
ment. The micro-CHP brochure of the ASUE demonssratew developments of motor-driven sys-
tems and fuel cells with the power <10 k\&nd gas turbine systems with the power <10Q, k&%
SUE 01/. The Federal Association of cogeneratiatestan upper limit for micro-CHP systems at an
electrical power of 15 kW /BKWK 05/. In /Pehnt OdiAe author defines micro-CHP as the coupled
electricity and heat generation in a single sumflject on the basis of small energy conversionsunit
with an electrical power below 15 kW. Another défon can be found in the CHP-directive



2004/8/EG, article 3 of the European Parliament d&nel European Council. There, micro-
cogeneration unit is defined as a CHP system witmnaximum capacity of less than 50 KW
/RL 04/8/EG, BRL 04/8/EG/. To summarise, the r@d$ an accepted definition of micro-CHP and
determination of the power upper limit for micro-EKystems as a function of various system tech-
nologies is not desired or useful. /Pehnt 04/ prissan interesting way to categorize CHP by the ob-
ject of supply (e.g., residence), but tempers #sailts slightly because the individual supply otgec
are also not well defined. Therefore, the currénthys uses the classification of micro-CHP systems
exclusively based on their electrical power outpith the reasonable selection of 15 k\Ws the
maximum output rating:

Systems for electricity generation and/or cogemaravhere the generated heat is also supplied, that
have rated electrical power output of not more thakW are called micro-CHP systems herein..

Electric load-following operation

The CHP system acts to meet the dynamics of etégtdemand of the supplied object. If the elec-
tricity consumption is more than the electricabthpower and below the minimum power, the elec-
tricity is supplied from the grid. Electricity feed to the utility grid does not take place. Thjzeca-

tion is reasonable from an energy economical pafiniew as long as the generated heat can be used
in the object directly or buffered in a heat starag

Heat load-following operation
The CHP-system is designed to meet the dynamiteaif demand of the supplied object. If the heat

demand exceeds the thermal rated power, the hseapiied by an auxiliary burner. If necessary, the
electricity is provided by the grid and fed int@ thrid respectively.

Utilisation time
The utilisation time results from the ratio of udeénergy output and rated power of the systems re-
lated to a given time period, normally one year.

W

T, =—= Equation 4-1
Prated

W setul Net useful energy output in kWh

Prated Rated power in kW

Electrical, thermal and total system efficiency

The electrical system efficieney, and thermal system efficiengy, of the CHP system and the peak
boiler is defined by the ratio of net electricalwmy or thermal power related to the respective tinpu
fuel power (lower heating value HU).

P

N = o Equation 4-2
quel

N = & Equation 4-3
quel

Pel net Net electrical power in kW

Q. thermal power in kW

quel Fuel pOWGI’ in kVMwer heating value



The total efficiencyn Can be determined by summing up the electrical thednal system effi-
ciency:

Pel net + ch

=Ny 1Ny Equation 4-4
quel

,7 total =

Electrical, thermal and total utilisation ratio

The electrical utilisation ratioegand the thermal utilisation ratiq,gare defined by the ratio of net
electricity generation or useful heat generaticspeetively and fuel consumption in the same time
period. The considered time period takes into actall start-up and rundown procedures.

W,

Oy = —™ Equation 4-5
quel

O = Qn Equation 4-6
quel

Weinet Net electricity generation in kWwh

Qmn Useful heat generation in k\Wh

quel Fuel Consumption in kthfer heating value

The total utilisation ratio ge of the CHP device is the ratio of the summarizetiatectricity genera-
tion and useful heat generation compared to thHechresumption in the same time period.

W. +
Ot = el'net—ch =04 * O Equation 4-7

Q fuel

CHP coefficient
The CHP coefficient of the CHP system results from the ratio of neteical power and usable

thermal power. The reciprocal value is the heaffimbent.

_ Pel,net

=— Equation 4-8
o

g

Electrical CHP-fraction

The electrical CHP-fraction ¢@thp demana describes the generated useful electricity geioerat
We chp useruthrough the CHP systems related to the total mbégt demand in the same time period
/Arn 07, Schr 07/:

t

Wi orp userur = j (Pel crp ~ Peversefeat-in )dt Equation 4-9
0

W,
— _ o .CHP useiul Equation 4-10
W, building

Preverse feed-in  El€Ctrical reverse feed-in into the grid in kW
Wel building Electricity consumption of the supply object in kW

del ,CHP,demand



Electrical CHP-production fraction

The electrical CHP-production fractio, éhe proauciondescribes the share of generated useful electric-
ity We chp.useruffoOm the CHP system related to the generatedriiggtamount of the CHP-system in
the same time period /Arn 07, Schr 07/:

d _ Wel ,CHP,useful
el ,CHP, production —
Wel ,net

Equation 4-11

Thermal CHP- and PB- fraction

The thermal fractionsyttnwe and 6 pg respectively describe the share of the generatetuluseat
Quncrp and @, pg produced by the CHP system and peak boiler respbcrelated to the total heat
demand in the same time period. The thermal CH&tna d,, ce can be calculated as follows:

A cip = Qin,crp Equation 4-12
QSH + QDHWS—Ioading
Qsh Consumption for space heating of the supply ohbjekWWh

Qorws-oading  Consumption for DHW storage loading in kWh

The thermal peak boiler fraction,g can be calculated accordingly. Since there amesvithin the
CHP system (e.qg. buffer storage), the sumypdidand d,,ps is always more than 1.

Actual costs of energy

When determining the actual costs of energy, thlstscof all aspects of the supply system are consid-
ered in relation to the generated amount of usaiatgy at the point of use. CHP systems present the
challenge of how the the input energy and costsplieamongst the products of electricity and heat
the are provided. An elaborate discussion of thamon evaluation methods and derivation of the
following method is presented in /Arn 07/.

The selected method of the current project is basetthe split of the energy costs of the CHP system
in proportion to the actual costs of hegtoneniona@f @ conventional heating system and the electric-
ity delivery costs Kectricity,conventional(Mixed price for household customers), as suppiethe same
end-use application. The equations that expressibthod are as follows:

_ A\l,total - A\I,V,electricity

kheat - K .

+W electricity, conventional Equatlon 4-13

Qheat CHP-€lectricity
kheat ,conventional
k _ k kele(:tricity,conventional E . 4-14
dectricity — "“heat K quation 4-
heat, conventional .

The ratio of actual costs and delivery costs fatlend electricity via conventional systems respec-
tively are projected upon the respective energg sypplied by the CHP system. The actual costs of
heat ke are calculated according to the Equation 4-13thadactual costs of electricitydiciy are
calculated according to the Equation 4-14.



Present value method and amortisation

The present value method considers the discoumeshues (reflux of capital) and the investment
(purchase disbursement) to determine value of ehpse or investment. The net present value at the
end of the life-span demonstrates the amount #ratbe saved to get the same revenues as for an in-
terest yield with specific interest rates. A pagthet present value states that the investmenbie
economical compared to a financial investment withspecific interest rate considered.

The payback period gives information about the nemdd years necessary to produce revenues, that
exeed the costs of an investment. The static agatidn calculation a, taking into account investimen
and revenue in actual money without any time-valumoney considerations. The dynamical amorti-
sation calculation takes into account the discogntif revenues versus time so that the cash values
the time of investment are equal to the net pregelue of the investment. Dividing the net present
value by the modulus of the net present valueeab#ginning of the useful life results in the stnod

ised net present value. /SchTer 97/.

Internal rate of return

The internal rate of return is the calculated iesérate achieved when the cash value is zerceat th
end of the useful life of the investment. The inwent is advantageous if the internal rate of retsir
greater than the interest rate desired by the iorve®nly the interest yield of the asset linkedhe
invested object is taken into account. /SchTer 97/.

10



5 METHODOLOGY

At first, the CHP systems to be tested were andlysaletail. Criteria used to evaluate the systems
included technical properties, suitability for amgtic operation during comparative analyses and
system configurations recommended by the manufartuBecause the tested CHP systems were
designed for different power ratings, a scalabliidmg was defined. Hence, the total heat load d¢oul
be varied while maintaining overall building physiand specific properties. Thus, an adaptation of
the building to best suit the technical data ofheatthe CHP systems was possible. The size of the
building was scaled, so that 25% of the peak thepmaer demand could be met by the CHP system.

5.1 Experimental Work on the Test Rig

At the Institute for Energy Economy and Applicatibachnology of TU Munich, an existing test rig
designed for the analysis of heat generators wharneed to enable testing of the CHP systems. Al-
terations of the control and the hydraulic systeemenmade as well as installing connections for grid
feed-in and power measurement.

Measured data was recorded and stored at 1 sentergials over the full duration of each experi-
ment. In special situations (e.g. starting procesuthe measurement resolution could be cut down to
100 milliseconds.

A core piece of the current research project waggmental evaluation on the test rig to obtaindas
data (e.g. energy consumption, degrees of effigieamissions etc.) for comparative analysis of the
CHP systems. A complete CHP system is compriseétdleofCHP device itself, a peak boiler, usually
one or more buffer storages that store either coatbbr separate heat for space heating and DHW
supply and the system control. The CHP deviceswieae tested in this manner were designed and
supplied by the manufacturers.

Because of contractual restrictions and proprietafigrmation concerns of some manufacturers all of

the cogeneration devices were considered as “diagks.” No attempts were made in the current

project to modify or improve the performance of @idP devices themselves. This is also the reason
for not including measured internal parameter \@lseich as temperatures and flow rates of internal
heat exchangers or the gross DC electrical progludtiom the cogeneration device, in the current

report.

Table 5-1gives an overview of technical properties, techggland system configuration of the four
tested CHP systems.
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Table 5-1: Technical Properties of the tested CHPystems

System ICE 1 ICE 2 SE FC
Technology Combustion engineCombustion enging  Stirling engine PEM-fuel cell
Electrical power? 1,3-4,7kwW 5,5 kW 2-75kw 15-4,6 kW
Thermal power” 4,0-12,5 kW 12,5 + 0,8 kW 8 - 22 kW 3,0-9,1 kW
Storage type, -volume BS 1.000 | BS 1.000 |

HWS 500 | HWS 500 | 2xCS 1.0001 (2 x HWS 500 1)

BS.. buffer storage, CS..combined storage, HWS.wlater storage
) manufacturer’s data

5.2 Critical data for model validation

As shown inTable 5-2 apart from the empty and charged mass of the dwztanger the desired
static measurements that are critical to modeblatibn could be achieved. In the case of the mhass o
both the cogeneration device and the balance ot pBEOP) components information is provided on
basis of manufacturer’'s data because scales weeaitable in this size.

It was possible to get the fuel composition frora tfatural gas provider. Because of the small vari-
ance in natural gas composition observe, only enerd per day was considered sufficient resolution.

Table 5-2: Static measurements of critical data fomodel validation

No | Data possible | not possible] Source / Comment

1.1 | Mass of cogeneration device, not includingkthlance of plant X Manufacturers data
components (e.g. pumps, storage).

1.2 | Empty and charged mass of heat exchanger (stxgas-to-air or X
water-to-water) used for capturing thermal output.

1.3 | Total mass of cogeneration device. X Manufactudata

1.4 | Composition of fuel (molar fractions of GHC,Hg CsHg, higher Natural gas provider

hydrocarbons, i CO,).

The time-varying measurements of critical datanfodel validation are shown ifable 5-3

The consumption rate of natural gas was deterntiyetieasuring the gas volume, pressure and tem-
perature (necessary for transferring into standardlitions). The temperature of air supplied to the

CHP device was measured in the housing of the EX@eause the CHP devices are considered as
“black boxes” it was only possible to measure t@gerature of the exhaust gases and flow rate,
outlet and return temperatures of the CHP devite dxhaust gas composition of the CHP device

was determined by an emission analyser that coelasore the concentrations of L®,, O,, CH;,

and CO. The outdoor air temperature was providedegdhermal sensor of the CHP system by a pro-
grammable temperature generator.
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Table 5-3: Time-varying measurements of critical dea for model validation
No. Data possible | not possible] Source / Comment
2.1 Electrical demand placed upon cogenerationceéeW). X
2.2 Net AC electrical output from cogeneration de\(@fter para- X as a result of the heat
sitic losses, battery losses, and losses from powamditioning driven operation
unit) (W).
2.3 Natural gas consumption rate’fsrat standard temperature and X
pressure).
2.4 Air supply rate to cogeneration device (kg/s). X
25 Temperature of air supplied to cogeneratiorogefC). X measured in the
housing
2.6 Humidity of air supplied to cogeneration deviBé or Ty,). X
2.7 Flow rate of liquid water supplied to cogenieratevice X
(kg/s).
2.8 Flow rate of exhaust gases through gas-to-vinet@tr exchanger X
or flow rate of water on cogeneration side of watewater
heat exchanger (kg/s).
29 Temperature of exhaust gases as they entdogeater heat X
exchanger or temperature of entering water on crgdion
side of water-to-water heat exchanger (°C).
2.10 | Temperature of exhaust gases as they exibgaater heat X only at gas-to-water
exchanger or temperature of exiting water on coggioa side heat exchanger
of water-to-water heat exchanger (°C).
2.11 | Flow rate of water on balance-of-plant (BOEgf gas-to- X
water or water-to-water heat exchanger (kg/s).
2.12 | Temperature of entering water on BOP side sftgavater or X
water-to-water heat exchanger (°C).
2.13 | Temperature of exiting water on BOP side oftgasater or X
water-to-water heat exchanger (°C).
2.14 | Exhaust gas composition (molar fractions 0,0Q, Ar, O,, CO,, Ny, | H,0, H,, Ar | only of CHP device
H,0, CH,, Hy, CO etc). O,, CH;,
(60)
2.15 | Ambient air temperature (°C). X given to teshch
2.16 | Ambient air humidity (RH orgf). X

Regarding the control characteristics of the cogsin devices themselves, the current projectccoul
only deduce some information about the particulBiPGlevice's control strategy from external ex-
perimental measurements. Because of competitivensanot every manufacturer disclosed the de-
tails of their system controls.

Due to the heat load-following operation used i thrrent testing it was impossible both to operate
the CHP devices with a constant electrical output ta vary the temperature of the water supplied to
the CHP device’s heat exchanger. Therefore thedasof tests (tests appropriate for validating-sp

cific algorithms) could not be applied.
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The overall CHP system control strategy manipul#tedCHP device output to maintain the tempera-
ture of the water in the buffering tank within aftefined range. The heat demand of both the space
heating system and the DHW system was deliveretidoypuffering tank. One of the tests appropriate
for parameter identification is achieved by opemtihe cogeneration device when started from cold
conditions and monitored until steady-state openat achieved.

Figure 5-1 shows the measuring points of the CHP device. thaldilly the pressure of the natural
gas (numbered as 2.X) was measured.

exhaust

A @ A T
\%l‘y 214 \ 2.5

CHP device Ambient air

temperature

/F\ ///\ generator
A3

) forerun

return

=)

“

power output

\/

power input

2.12 Legend:

S /_lf\\ W..electric work
P..pressure
F..flow rate
T..temperature
E..emissions

N
'><'U
.
AT
N
w
N
w
o]
N

natural gas

Figure 5-1: Measuring points of the CHP device

5.3 Technical and Economical Analysis

Paralell to the experimental work on the test mgeneration in Germany in general was analysed
including a description of various CHP-technologies study of the legal and economical framework
for enabling use of CHP. In addition, research e@slucted to determine and define load profiles for
electricity and heat required of CHP systems intifamhily residences.

The results of the test rig trials were analyseth wetailed data sets recorded within the scopg of
comparison of the systems. To assess CHP systamants of a conventional heat and electricity
supply were defined as a reference. Due to the poatimg of the analysed CHP systems, the refer-
ence variants referred to the energy supply ofifaatily residences.

Furthermore, the results of the test rig trialsevesed to predict the overall end-use efficiencthef
energy supply with CHP systems. A common dynamithoek is described in the VDI guide line
2067 / VDI 2067-1/. This calculation strategy usthg annuity method was applied for the economic
analyses of selected supply systems. A calculgwogramme developed accordingly considered pay-
back periods and actual energy costs as well agepéce sensitivities.

Another goal of the simulation work was to show aymc processes that result from the interaction of
respective components of CHP systems and the oeagtiCHP systems to the requirements of the
heating, hot-water and electrical load profilestidfly, the methodical simulation concept was itten
fied by analysing the relevant parameters of CHResys and the additional components. By means
of the test rig results, the simulation could béidedied and calibrated. The simulation served as a
platform for quick implementation and evaluationsystem changes and optimisation. Potentials for
improvement of the operating performance and tleeggnefficiency could be analysed.
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6 EXPERIMENTAL ANALYSIS ON THE TESTRIG

The test rig was built to conduct benchmark testcbdgeneration systems under reproducible, realis-
tic simulated operating conditions of residentialldings. A multitude of parameters such as heat
load of the building and the domestic hot water YiHsystem, the thermodynamic behaviour of the
radiators, the size of the implemented heatingdsudhd DHW storages could all be carefully con-
trolled and varied. The test rig was designed toutate the demand of space heating and DHW
preparation of residential buildings up to a maximtlnermal output of 70 kW. A picture of a part of
the test rig showBigure 6-1

Figure 6-1 CHP test rig at the Institute for EnergyEconomy and Application Technology of
TU Munich

6.1 Applied Load Profiles for Space heating and DomestiHot Water Supply

To show the diurnal and seasonal influences onCiHE operation, load profiles for space heating
demand and DHW consumption were used representpigat days during summer, transition and

winter time. These load profiles were derived framtmmeasuring campaign in various residential build-
ings in Germany and applied to determine the et Huring the experiments on the test rig. Exam-
ples of these load profiles are showrtrigure 6-2 andFigure 6-3..
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Figure 6-2:  Space heating demand of a residentiauidding (bright winter day) /Muehl 02a/
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Figure 6-3:  DHW demand of a residential building (veekday, without losses by circulation
and storage) /Muehl 02a/

6.2 Output from the Test rig Measurements

The measuring equipment of the test rig colledtseddvant temperatures, water flows, the consump-
tion of natural gas and the generation of eletyrigith a time scale of one data record per second.
The testing of a single day takes about 3 to 4 dysst rig operation in order to get reliable aed
producible results.

Figure 6-4 shows an example of the data output from the éxjeerts A detailed description can be
found in /Muehl 07/.
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Figure 6-4:  Measured Data for ICE 2 operation on avinter day
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The daily balances of the building’s heat demandsfmace heating and DHW, the heat output from
CHP device and peak boiler, the electrical feedrd the losses are shownFigure 6-5for the ICE

1, ICE 2and SE system. As expected, the heat dearahdroduction as well as the electricity genera-
tion sinks with rising outside temperature from t@into summer season. Although the results of the
different CHP systems look very similar there amarkable differences. The ICE 1 system has the
ability to modulate the electrical power outputvibeen 1.5 and 4.7 kW and therefore is the only one
that doesn’t need to start up the peak boiler duttie clear transition day. Due to the longer stprt



time of the SE device the peak boiler of this systas to be used to a higher extend compared to the
other systems.

600 T ewhv/d] ICE 1

500 - ]

400

300 -

200 -

100 A

) ) ) )
Winter Winter  Transition Transition Summer
clear cloudy cloudy clear

600
[KWh/d] ICE 2
500 1

400

]

300 1

200 1

100 1

0' T T T T
Winter Winter  Transition Transition Summer

clear cloudy cloudy clear

[kWh/d] SE

1,000

800

600 7

400 A

200

0+ T T T T
Winter Winter  Transition Transition Summer

clear cloudy cloudy clear

[] Losses peak boiler

[ Losses CHP unit

M Electrity generation CHP unit
[ Heat production peak boiler
[] Heat production CHP unit
[l Heating Circuit

[ Hot water system

Figure 6-5:  Experimental Results of the type day mesurements
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To project the results obtained from the measurésnem basis of type days to annual values, some
more parameters have to be taken into accountutumor temperature - as it has an significantuinfl

ence on the residential energy demand - and thendepcy between outdoor temperature and de-
mand for space heating.

Average daily values of the outdoor temperatureewaken from an existing test reference year for
southern Germany (TRY8).

The relation between outdoor temperature and dpeating demand could be derived from a previous
measuring campaign and TRNSYS simulation of difieresidential buildings /Muehl02a/ As shown
in Figure6-6 a good approximation can be obtained using a saghéunction.
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Figure 6-6:  Relation between outdoor temperature ath space heating demand

The allocation of the heat demand to CHP devicetangeak boiler in dependence of the outdoor
temperature is shown igure 6-7. The red curve shows the demand for space heatiddnot water

supply including distribution and storage lossd® Vellow curve describes the heat production ef th
ICE 2 CHP device. It can be divided into three isexst

1. During summer time with high outdoor temperatuned bow heat demand, the CHP device com-
pletely delivers the required heat, mainly useddbiW preparation.

2. Although the CHP device could completely delivez tequired amount of heat, the peak boiler is
operated when the outdoor temperatures falls b&8Wv This is due to the morning peak of the
heat demand that exceeds the rated output of tHedeMice.

3. On very cold days with outdoor temperatures lovirant-11°C the CHP device operates 24 h/d

with its maximal output of 330 kWh/d. The remainirgjuired heat has to be supplied by the peak
boiler.

The three sections of the curve are determined etp of the results from the type day measure-
ments as show the columns in Figure 6-7. The diffee between heat demand and heat production of
the CHP device has to be delivered by the peakbasl shows the orange curve.
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To calculate the consumption of natural gas fromhbat production of CHP device and peak boiler
the mean daily efficiencies depending on the dadlgt/electricity output as shownHigure 6-8 have
been used. To determine the curves the results finemype day measurements have been used as

indicated by the points in the diagram.
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Figure 6-8:  Mean daily efficiency of ICE 2 CHP dewie and Peak boiler
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The average daily outdoor temperatures of a stdngar for southern Germany were then used to
determine the heat demand for space heating and pPt¢yaration and the production of these ener-
gies by CHP device and peak boiler. As shéigure 6-9 for the ICE 2 system, these values were
first calculated on a day by day basis and latemsarised to get annual results.
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Figure 6-9: ICE 2 system operation during a standat year — ranged by the outdoor tem-
perature

The described methodology was applied to the ICEEHE,2 and SE systems in order to derive annual
values. The measured fuel cell system (FC) wastafype that could not be tested dynamically, only
stationary measurements were done. However anataladuld be derived by putting together sec-
tions of start, stop and steady operation interofithis device.

The essential results of the tested CHP devicebedound inTable 6-1 and act as data basis for the
comparison of the systems and the profitabilitylgsia in the following sections.
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Table 6-1

Annual balances derived from the experinmgal tests and calculated values

Name Unit ICE 1 ICE 2 FCV SE
CHP-system
Wi chp kWh/a 20.358 25.637 18.658 35.862
Qth.cHp kWh/a 57.681 62.718 51.893 109.796
Quel.chp kWh/a 86.688 95.963 82.037 159.541
Qel, cHP % 23,5 26,7 22,7 22,5
Oth,cHpP % 66,5 65,4 63,3 68,8
Ofuel,cHP % 90,0 92,1 86,0 91,3
Pin.crp/Phuilding % 23,8 25,3 21,6 21,5
Peak load boiler
Qn,pe kWh/a 19.720 14.301 25.508 39.197
Qcas.pB kWh/a 20.292 15.204 26.238 41.477
Oi.pe % 97,2 94,1 97,2 94,5
Consumer
Building - MFH 102 MFH 10 ? MFH 10 ? MFH 20 ?
Qsh kWh/a 49.881 49.881 49.881 95.148
QoHwS loading kWh/a 23.641 23.641 23.641 48.153
Qss,loss kWh/a 3.878 3.497 3.878 5.692
Wl buiding kWh/a 30.844 30.844 30.844 61.688
Woseru®) kWh/a 18.708 18.774 17.146 33.980
Weelvery kWh/a 12.136 12.070 13.698 27.708
Wieed® kWh/a 1.650 6.863 1.512 1.882
del, cHp.demany % 60,7 60,9 55,6 55,1
del, cHP production’ % 91,9 73,2 91,9 94,8
i, crp % 78,5 85,3 70,6 76,6

b Assumption: same value as for ICE1, as no measurements are available for the FC-system

2 Results for other objects cannot be deviated from determined measurement results
3 CHP-electricity-alternative: ,User’ model
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7  SIMULATION OF CHP-SYSTEMS AND COMPARISON WITH
SEPARATE ELECTRICALAND THERMAL ENERGY SUPPLY

CHP systems have the potential to save primaryggnand CQ-emissions compared with separate
generation of electricity and heat. On the one h&wél fuel consumption increases in CHP systems
in order to meet thermal demand and generate ieiggtr On the other hand, total primary energy
demand and C&emissions can be decreased because of reducddcélesupply from the grid,
which produces electricity primarily in central pewplants that are not amenable to cogeneration
(i.e., generator heat is wasted).

To assess the energy and economic performancee ofattious CHP-technologies, a reference tech-
nology had to be selected as a basis of comparl8@FW 01/ highlights that there is no definitive
basis for the selection of a reference systemishatcepted by all. There is no empirical soluton
way to prove which reference system is best. Tthesreference system must simply be well defined
to present a useful construct for evaluation.

The CHP-directive 2004/8/EG, article 4 and appentixof the European Parliament and Council
specifies a method to determine the efficiency blPcprocesses. It says that the efficiency of the
separate generation of electricity and heat wisdo ibe replaced by CHP should be determined. It is
important to take into account that the same categof primary energy sources should be compared
and that each CHP system should be compared véthdkt available technology for separate genera-
tion of heat and electricity in the year of constion of the CHP system’ /RL 04/8/EG/.

Initially, various relevant factors required to el@hine the energy economy of CHP systems were
established and compared. For this purpose, theutatire Energy Demand (KEA) was analysed for
the operation to evaluate the overall energetiabielnr and the emissions of the CHP systems in
comparison with conventional technologies.

7.1 Methodology and basic conditions of the comparisoaf systems

In the following, the primary energy inputs and ssions of the CHP-systems were compared with
conventional technologies. The comparison of systeras carried out according to the following
basic conditions:

The assessment of the CHP-systems was based msthiEs of chapter 1 which addressed the balance
of the energy flows (natural gas and electricitpsuomption).

An integral energetic assessment of the use phasecarried out by means of the efficiency method
(see /Arn 07/).

Only the bottom line of external procurement angerse feed-in was evaluated with primary energy
factors and specific emissionsTdble 7-1

The Cumulative Energy Demand of manufacturing (IKg&nd disposal (KEA was neglected in the
following. The resulting error was below 2 % acceogdto the results in /wiba 00/.

At first, various factors relevant for energy arabmomic assessment of CHP-systems were
determined and compared. For this reason, the GuivellEnergy Demand (KEA) for the
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operation was analysed as a basis of an integeagjetic assessment as well as the emissions
of CHP-systems in comparison with conventional nedbgy.

7.2 Basic data

Since different types of energy sources (elecysiciitural gas and heating oil respectively) wgre a
plied in particular systems, comparisons of systamsmade only to the primary energy. That means
that the energy input and the emissions for théc&yprovision of respective final energy sources
were considered.

Table 7-1illustrates basic data for the assessment of alagas and heating oil provision respec-
tively. The primary energy input and emissions dtactricity in Germany in 2002 are based on the
analysis of statistical measured data and GEMIStadis 04, FfE 06, GAB 99, GEMIS 4.2/.

The following emissions species were examined Hier ¢comparison of energy supply alternatives:
carbon dioxide (Cg), carbon monoxide (CO), methane ({Hon-methane containing volatile hy-
drocarbons (NMVOC), nitric oxide (N@ nitrous oxide (NO) and sulphur dioxide (S The effects

of these emissions on the biosphere differ sigmifity and are not . fully understood. Carbon diexid

, methane- and nitrous oxide emissions are greaehgases that have a global effedtolatile hy-
drocarbons, nitric oxides and carbon monoxide &ffliee formation of photochemical oxidants (e.g.
tropospheric ozone) that affects regional air qualnd the rest of the analysed contaminants typi-
cally affect local regions.

Table 7-1: Specific primary energy input and emissins for the provision of natural gas and
heating oil in Germany to consumer /GAB 99, GEMIS £, WI 05/

Specific CO, (6{0) CH, NMVOC NO x N,O SO,
primary
energy
input
Unit | KkWhegkWh | g/kWhee | mg/kWhee | mg/kWhee | mg/kWhee | mg/kWhee | mg/kWhee | mg/kWhee

FE

Provision to consumer

Nawralgas | 4 15 | 1567| 6950 | 3511 1099  110( 2,07 6,39
industry
Nawralgas | 414 | 1586| 7043 | 8495 7043 110 2,08 6,50
household
Heavy ol 114 | 3845| 4926| 2968| 5959 1311 103 2284
industry
Heating oil 1,16 42,77 5108 | 301,7| 6062 136 1,18 240,3
household

2)  Specific greenhouse potential according to IPCC (Intergovernmental Panel on Climate Change): carbon
dioxide CO2 = 1, methane CH4 = 21, nitrous oxide N20 = 310
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7.3 Alternatives for separate electrical and thermal eBrgy provision

For comparison of CHP systems with separate etégtand thermal energy provision, several alter-
natives for comparison with uncoupled heat andtietity provision were defined as a reference.
These reference cases were used to evaluate thgy ermaversion of CHP systems that were deter-
mined through the basic conditions and measurenadritge current study. Due to the rated power of
the analysed CHP systems and the fact that CHBmegstould potentially be operated in these build-
ings, the reference alternatives are those useduiment energy supply in existing residential thuil
ings (multifamily residences) and new buildingsttimelude heating and hot water distribution sys-
tems.

7.3.1 Alternatives of heat supply

The comparative alternatives of the heat supplyeviiersed on conventional central heating systems
that meet both the heating and hot water demanid. tfpe of heating constitutes a share of 69,3 %
(seeFigure 7-1) of the occupied units in residential buildingc@aling to /Stat 04/. The energy
sources are mainly natural gas (47,7 %) and heatif§1,9 %).

Heating systems that use electricity for heatingppses (e.g. night storage heater, flow heaterg wer
neglected in the comparative alternatives, as #eessary heating distribution systems that are re-
quired for CHP systems are non-existent. 13,7 ¥hefesidences that are supplied by district hgatin
were not taken into account either, as the proviueat is already generated by more than 80 % effi-
cient CHP systems /AGFW 03/.

Alternatives for heating supply were: (1) the catrimstalled base of central heating systems fined
natural gas and heating oil and (2) the best availtechnology (gas condensing technology) in Ger-
many in 2003.

Coke (hard coal)
0,3%

Renewable energies
1,0%

District heating
13,7%

Single- or plural room
stoves District heating

106 1379 Briquettes (brown
0 A%

coal)
1,3%

Self-contained central S

heating

7,9%

Heating oil
31,9%

Electricity

4,1% Natural gas

Central heating 47,7%

69,3%

Figure 7-1:  Predominant way of heating and input final energy of the occupied flats in resi-
dential buildings /Stat 04/

Current stock of heat generation

This supply alternative describes the prevailimetef space heating supply. Boilers heated by ahtur
gas and heating oil with different technology agd aere considered. Table &2ows the number of
conventional heat generators in Germany classliedonstruction date, energy source and burner
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technology as supplied by the boiler statisticthef chimney sweeper guild of 2003, the most impor-
tant directives and studies. /BVS 03, ConGB 03/

The boiler statistics of 2003 are comprised of $e@hbustion plants up to 10 MW heat capacity that
were regulated by the first regulation of the Falenmission Control Act. However, these statistics
do not distinguish between combustion plants indeggial buildings and those in companies, which
makes the analysis of the survey difficult. Consiethat 77,2 % of all flats in residential buiidis
(38,59 million) are supplied with block-, central-self-contained central heating (see Figure art)
that there are on average 2,2 flats per buildiggs4 million of the 17,01 million combustion plants
are assumed to be installed in residential buiklifdne remaining 3,5 million systems are assumed to
be installed in 2,93 million companies of industsgyvice and trade /Stat 04/. It has not been estab
lished whether the power rating of combustion @anstalled in non-residential buildings are signif
cantly different from those installed in residehkiaildings.

Table 7-2: Number of conventional heat generatorslassified by construction dates
/BVS 03, ConGB 03/

Energy source Fuel ol Natural gas
[
o - & 2e ks
c ) p c L oOg S
3 £ 2 g | gTe| o
Burner technology ) 3 £ £ 55 g ki
g 2 > > |28=| ¢
5 S @ o 288 2 _
S 3 5 S |§3&| 5 g
S 7 @ @ |O0£8]| O =
Unit 1.000 1.000 1.000 1.000 1.000 1.000 Mill.
units units units units units units units
until 31.12.1978 2,5 894.,8 350,5 75,0 - - 1,32
" 1.1.1979-31.12.1982] 0,9 472,4 461,5 75,7 - - 1,01
o
© 1.1.1983 - 30.9.1988
é 210.1990 2,9 1.073,7 | 1.113,6 140,1 99,7 - 2,43
(&S]
S | 1.10.1988/3.10.1990 +
g 31.12.1997 8,4 2.725,7 | 3.519,2 345,7 654,7 513,0 7,77
© 1.1.1998 - 31.12.2002, 3,2 1.061,9 | 1.1231 128,1 361,6 1.160,0 3,84
1.1.2003 - 31.12.2003 1,3 146,0 137,8 14,7 34,7 307,0 0,64

Total| 19,2 6.374,5 | 6.705,7 | 779,3 | 1.150,7| 1.980,0| 17,01

The majority of the 17 million heating appliancee ail spraying burners (37,5 %) and atmospheric
gas burners without fans (39,4 %). From 1998 odwathe share of newly installed gas condensing
boilers is higher than that for other burner tedbgies. Relating the number of appliances of one
construction date to the period of time, it cande¢ermined that the peak rate of installation was
reached between 1988/90 and 1997 with around oliemmappliances per year. The average age of
the appliances used thus ends up being 12 years.
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Figure 7-2illustrates the allocation of heating appliancggpbrcentage of the power classes of con-
ventional heat generators. The more simply desidneder constructions (oil vaporising burner, gas
burner without fan) dominate the small power cidgs25 kW), whereas the more complex and effi-
cient technologies (oil vaporising burner, gas burwith fan) are preferentially applied for in the
power classes at or above 25 kW. Ambient air inddpat combustion plants are primarily used in
the 11-25 kW size class. This category is primacynprised of gas heaters, which are applied as
self-contained central space heating in flats. 96f%hem produce between 11 kW and 25 kW of
thermal power. But this power is mainly necessarypirovision of domestic hot water in short time.
The trend of gas condensing boiler with smaller @osan be explained through the reduced heat
demand of newer buildings with these units.
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Evaporation burner| Vaporising burner | Burner without fan

Burner with fan Compartment air
independent

combustion plants

Condensing boilers

Heating oil Natural gas

‘ B4 kw - 11 kw O 11 kW - 25kw B 25 kW - 50 kwW O 50 kw - 100 kW B > 100 kw ‘

Figure 7-2:  Allocation by percentage of conventiorldheat generators depending on power
classes /BVS 03/

Each of the heating devices technologies can loeattd with typical efficiency factors subject to
age, power and typical burner operating time cargid combined heating and hot water supply and
by means of published studies and current measumtsniduehl 02a, FFE 97-07/. The useful energy
supply of the final energy consumption and rela#tiency factor are shown ifiable 7-3 The av-
erage efficiency factor of the heat generatorsO 8. Considering the efficiency factor from an
energy source point of view it adds up to 80,4 %hwai slight advantage for oil fired heating plants
(80,0 % with natural gas). The reason for thiseddhce is because natural gas boilers with atmos-
pheric burner and without fans dominate (see T&kg and they exhibit a lower degree of efficiency
than burners with fans and gas condensing boitgectively. Units fired by heating oil are mainly
equipped with spraying burners (99,7 % of the exisbil heaters, see Figure 7-2).
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Table 7-3: Provision of useful energy, final enesgconsumption and efficiency factor of
conventional heat generators according to construicin dates /BVS 03,
ConGB 03, Muehl 02a/ /BVS 03, ConGB 03, Muehl 02a/

Useful energy Final energy Efficiency factor
Unit TWh/a TWh/a -
Until 31.12.1978 78,1 1111 0,703
@ | 1.1.1979-31.12.1982 50,8 71,3 0,713
o
© | 1.1.1983-30.9.1988/
.5 510.1990 98,4 128,5 0,766
©
2 | 1.10.1988/3.10.1990 t
E 31.12.1997 274,0 331,7 0,826
@)
© | 1.1.1998 - 31.12.2002 128,3 145,8 0,880
1.1.2003 - 31.12.2003 20,4 22,4 0,908
Total 649,9 810,8 0,802

The emissions of conventional heat generatorsistexd|inTable 7-4 considering construction date
and actual stock of boilers. There is a consigfestease of specific emissions over the years. Only
the CHi-emissions doubled since 1978 which is due tortheease of share of gas heaters.

Table 7-4: Specific direct emissions of conventiahheat generators depending on construc-
tion date /BVS 03, ConGB 03, GEMIS 4.2/

co, co CH, |NMVOC | NO, N,O SO,

Unit | g/kWhy, | mg/kWhy, | mg/kWh, | mg/kWh, | mg/kWhy, | mg/kWhy, | mg/kWhy,

Until 31.12.1978 355,4 100,3 1,61 4,24 106,0 2,6 293,5
¢ | 1.1.1979 - 31.12.1982 328,9 90,4 2,79 4,03 107,0 2,3 204,1
©
T | 1.1.1983 - 30.9.1988
5 2 10.1990 304,3 84,9 2,74 3,95 99,9 2,1 182,4
o
2 | 1.10.1988/3.10.1990|
ag 31.12.1997 272,2 76,7 3,14 3,87 93,8 1,8 129,4
o)
© | 1.1.1998 - 31.12.2002 249,9 70,6 3,29 3,72 88,8 1,6 98,6
1.1.2003 - 31.12.2003 239,6 65,9 3,29 3,35 86,2 1,5 85,8
Total | 286,1 80,3 2,90 3,89 96,0 1,9 155,5

To obtain the total emissions of conventional hggaterators per kWh heat to the consumer as illus-
trated inTable 7-5 the direct emissions of Table 7-4 need to be sednup with the indirect emis-
sions of the fuel supply. The same must be accehmdi for the energy supply. The energy demand
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for heat generation in boilers must be summed théhenergy input for the provision of the energy
sources (see Table 7-1). For the provision of dvh lof heat, a total amount of 5,08 MJ of primary
energy (equals 1,41 kWh) needs to be provided

Table 7-5: Specific primary energy demand and toteemissions of conventional heat gen-
erators per kWh released heat to consumer /BVS 08,0nGB 03, GAB 99, GE-
MIS 4.2, W1 05/
Specific
primary
energy de- CO, CcO CH, | NMVOC NO, N,O SO,
mand

Unit | kWhegkWhy, | g/kWhy, | mg/kWhy, | mg/kWh, | mg/kWhy, | mg/kWhy, | mg/kWhy, | mg/kWhy,

Plants fired
with heating 1,39 375,8 147,5 301,8 64,5 226,4 3,71 586,8
oil only

Plants fired
with natural 1,42 264,1 137,8 854,7 74,4 211,4 3,5( 8,43
gas only

Total 1,41 313,8 142,1 608,9 70,0 218,3 3,61 265,6

Best available technology for heat generation: gasondensing boilers

The technological development of condensing galebtichnology is the most advanced technology
available today. The market share of gas condermilgrs in Germany in 2003 was 57,7 % of the
natural gas heating market, 19 of 20 of these @swizere fixed to the wall and the rest were fixad o
the floor/ConGB 03/.

A condensing boiler consists mainly of a combustibamber and a condensing heat exchanger in
which the combustion products are cooled down ¢opibint at which water vapour contained therein
condenses on the heat exchanger surface (condeaeshplogy). The energy gain through condensa-
tion of the water, or conversely the exhaust laterdt loss, depends upon the return temperature of
the heat transferring medium.

The annual average efficiency achieved by this beatlable technology for heat generation, which
can be applied for space heating and hot waterigpooy was determined only for the latest natural
gas condensing boilers of Table 7-2. The annuatagrecefficiency that results is 94,0 % /Gei 05,
BDH 04/. The specific direct emissions of the kmstilable gas condensing boilers are illustrated in
Table 7-6

Table 7-6: Specific direct emissions of gas condgng boilers /ConGB 03, GEMIS 4.2/

CO; CoO CH,4 NMVOC NOy N-O SO,

Unit | 9/kWhy, | mg/kWhy, | mg/kWh,, | mg/kWhy, | mg/kWh, | mg/kWhy, | mg/kWh,,

Gas condensing boilers | 211,3 53,6 4,3 2,8 85,8 1,2 1,6
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To obtain the total emissions of gas condensintebper kwh heat to consumer such as shown in
Table 7-7, the direct emissions of Table 7-6 need to be sedhap with the indirect emissions of fuel
provision. For the provision of one kWh of heaB&MJ of primary energy (equals 1,21 kwWh) needs
to be input. 82,6 % is the degree of efficiencytfar provision.

Table 7-7: Specific primary energy demand and toteemissions of gas condensing boilers
per kWh heat to consumer /ConGB 03, GAB 99, GEMIS 2, WI 05/

Specific
primary
energy de-
mand

CO; Co CH,4 NMVOC NOy N-O SO,

Unit | kWhegdkWhy, | g/kWhy, | mg/kWhy, | mg/kWhy, | mg/kWhy, | mg/kWhy, | mg/kWhy, | mg/kWhy,

Gas hot wa-

. 1,21 2272 1241 853.,8 73,2 196,64 3,24 8,14
ter devices

7.3.2 Alternatives of electricity supply

The alternative of consumer generated electricitfCHP systems is the currently prevalent central
generation in large-scale power plants followedraysmission and distribution of such to the end-
user. Many different reference systems are us@dlifications that assess CHP electricity generation
and their characteristics related to energy econanty specific emissions. In general, CHP systems
are typically compared with old replaceable techg@s, average currently available technologies or
the best available new power plant technologieghEumore, specifically defined reference plants or
local grid mixes of plants, like for instance tlo¢al electricity generation mix in Germany, areoals
used as reference cases for comparison to CHRsy/ste

This report presents three alternatives of eldttrgeneration that were each applied in the compar
tive analyses of CHP systems. These alternativdade: (1) an energy economic analysis that de-
termines the most likely plant mix that is replatgdhe operation of CHP systems, (2) the elegyrici
generation mix in Germany, and (3) the best aviltdrhnology of central electricity generatioe (i.
natural gas combined cycle power plants).

Substitution mix by feed-in of CHP electricity

The voluntary agreements of the German econom@@i 2nd the CHP law of 2002 intend to reduce
annual carbon dioxide emissions in Germany by W8tmillion tonnes (at least 20 million tonnes) by
2010 compared to 1998 through the use of combiratdnd power /BMWA 01, KWKModG/.

The target of the voluntary agreement is to imprihe market conditions that existed for CHP sys-
tems in the year 1998. The aims of the CHP-lawtlz@dimited protection and modernisation of CHP
systems, the development of electricity generatiosmall CHP systems and the market launch of the
fuel cell. The aims of both instruments affect teermination of the reference system of uncoupled
electricity generation in such a way that it carabsumed that the generated CHP electricity replace
capacity of existing plants. Thus, analysis remai@sessary to determine where the CHP electricity
ranks in the liberalised market according to theriM@rde® and which plants therefore could be
asked to reduce output or be switched off ..

3  The Merit Order is the sequence of employment of plants depending on variable costs
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Figure 7-3:

At the FfE, typical plant use has been modellecamrhourly basis. On the basis of data profiles ac-
quired for CHP cogeneration in this study, one @atermine for each hour the type of plant mix that
would most likely be replaced by CHP power. Thighodology is illustrated ifrigure 7-3.

To determine the uncoupled reference, the annadl darve of the German electricity generation was
established by means of the vertical grid fbadd the net electricity generation. By means efgh
called Wednesday balances of the year 2002 /VIK tbé/plant operation for basic-, medium-, and
peak load was determined. Furthermore, proportdrggs power plants were identified, which were
considered to be not replaceable. Reasons foirthsded, for instance, CHP- electricity generation
that was used primarily to provided heat or powartiol that could not be delivered by gas power
plants.

By using the typical CHP electricity generationajaine can generate profiles of the corresponding
general electricity supply and balanced electrigigneration of CHP- plants to determine an annual
load curve for CHP-displaced electricity generatiwhich has been calculated.

The developed model was based on pro-rata replatesheéhe hourly available energy source spe-
cific plant power through CHP- electricity. Initigl the plants based on coal, gas and mineral ®iew
substituted. Only if the replaceable capacitieplahts did not suffice, brown coal and nuclear powe
plants were substituted by CHP- electricity.

In Figure 7-4, energy source specific electricity shares ofdatermined substitution mix are illus-
trated. To determine direct emissions, the aveeagegy source specific net degree of efficiency of
INVWEW 02/ and /VIK 04/ was calculated for the povpdants. The total net degree of electrical effi-
ciency of the substitution mix is 38,6 % /CO2KWK/05

% Sum of all transfers from transfer grids over directly connected transformer and all wires to the grid

and final consumers
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Figure 7-4:  Energy source specific electricity shas of the substitution mix

Table 7-8: Specific direct emissions of the subsition mix /GEMIS 4.2, VWEW 02/

CO, CO CH, NMVOC NOy NO SO,

Unit | g/kWhg | mg/kWh, | mg/kWh, | mg/kWh, | mg/kWh, | mg/kWh, | mg/kWh,

Hard coall 905,7 152,8 14,76 25,65 478,0 42,98 629,1
Gas 412,35| 2515 33,40 105,3 1.230,5 13,0p 3,20
Brown coal 1.240,3| 2249 16,64 16,64 865,9 33,74 585,5
Nuclear power 0 0 0 0 0 0 0

Mineral oil 851,9 313,3 32,89 32,89 469,9 32,89 961,1

Total | 820,3 165,0 16,99 35,13 576,5 37,02 525,2

Table 7-8 shows specific direct emissions of the substitutiix. The CQ-emissions of the substitu-
tion mix are 820 g C&kWhg,.

Sensitivity analyses related to input parametewstiat the reference value even with differing CHP-
electricity amount and different CHP- generatioofie is determined to be constant throughout time.

To get total emissions of the substitution mix gérh electricity to consumer (sé@able 7-9, the
direct emissions of Table 7-8 need to be addetigdrtdirect emissions of fuel supply and this sum
needs to be divided by the degree of efficiencthefdistribution network. To provide 1 kwWh of elec-

tricity, 10,35 MJ of primary energy (equals to 2RM/h) need to be supplied. This results in a degree
of electrical supply efficiency of the supply of,26%.
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Table 7-9: Specific primary energy expenditure andotal emissions of the substitution mix
per kWh of electricity to consumer /GAB 99, GEMIS 42, VWEW 02, WI 05/
Specific
primary CO, CcO CH, NMVOC NO, N,O SO,
energy input
Unit | kWhpd/kWhe, | g/kWh, | mg/kWh,, | mg/kWh, | mg/kWh, | mg/kWh, | mg/kWh, | mg/kWh
Coal 2,71 999,9 205,8 3.137,1 35,89 668, 46,85 876,0
Gas 2,86 474,1 441,0 924,9 138,8 1.574(9 18,96 19,57
Brown coal 2,87 1.339,4 249,9 35,57 18,03 937,4 36,44 631,6
Nuclear 3,32 27.65| 32,76| 50,66 4,12 119,94 1,0 105,3
power
Mineral oil 2,84 992,7 452,1 770,3 182,3 820, 37,21 1.578,6
Total 2,76 902,6 233,5 2.562,( 48,7 776, 40,68 727,0

Electricity generation mix in Germany
Since the liberalisation of the electricity marketl998, a regional balance of electricity generais

difficult to determine due to allocation reasong.iBplementing electricity trade, surplus amourts o
electricity can be sold to Germany or other plaoelSurope more easily. Additional demand can be
covered by trade via the stock exchange and®TiCthe year 2005, 53,4 TWh were imported and
61,9 TWh exported. Since the net electricity geti@ngfor general supply is 497,5 TWh, the import is

10,7 % and the export is 12,4 % (from /Stat 05, BGEB/).

The electricity generation mix shows how electyicé generated in Germanligure 7-5 illustrates
the gross electricity generation according to irgnergy sources for 2005.

Around 60 % of the gross electricity generatiogémnerated by fossil fuel combustion and 26 % by
nuclear energy sources. Renewable energy sourggsas wind and hydro-electric power, contribute
approximately 9 %. The remaining sources, such astevand biomass fuels, contribute 5 % of the
gross electricity generation.

5)

stock exchange, no broker)
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Figure 7-5:  Gross electricity generation dependingn energy sources for 2005 /AGEB 06/

Table 7-10:  Specific direct emissions of the eletity mix in 2005 in Germany /GEMIS 4.2/

co,

CcOo

CH,

NMVOC

NO,

N,O

SG;

Unit

9/kWhy

mg/kWh,

mg/kWh,

mg/kWh,

mg/kWh,

mg/kWh,

mg/kWh,

Total

564,5

144,4

13,5

32,9

517,6

20,5

295,5

Analogous to section 2.3.2.1 the total emissionthefelectricity mix are calculated and presented i
Table 7-11 11,54 MJ of primary energy (equal to 2,93 kWhgahéo be supplied to provide 1 kWh of
electricity. This results in a degree of efficierafysupply of 34,2 %.

Table 7-11:  Specific primary energy input and tothemissions of the electricity mix 2005 in
Germany per kWh electricity to consumer /GAB 99, GBMIS 4.2, WI 05/
Specific
primary CO, CcoO CH,4 NMVOC NO, N,O SO,
energy input
Unit | kWhpd/kWhg, | g/kWh, | mg/kWh,, | mg/kWh, | mg/kWh, | mg/kWh, | mg/kWh, | mg/kWh,
Total 2,93 621,8 226,9 808,0 57,1 707,3 23,4 3945
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Best available technoloqy for electricity genenatigas and steam power plants

Currently best available technology are gas arahsigower plants with a net efficiency of 55 % /GE-
MIS 4.2/. In gas and steam power plants, elegjrisitgenerated by a gas turbine and the hot exhaust
is being used for steam generation via a steamrgEmeThis steam generates more electricity in a

steam turbine.

Table 7-12:  Specific direct emissions of gas powest gas and steam power plants /GE-
MIS 4.2/
CO, CcoO CH, NMVOC NOy N,O SO,
Unit | 9/kWh | mg/kWh, | mg/kWh, | mg/kWh, | mg/kWh, | mg/kWh, | mg/kWh,
Total | 361,0 274,8 27,5 27,5 549,6 16,5 2,8

Table 7-12illustrates direct specific emissions of gas poweagas and steam power plants. The total
emissions of the gas powered gas and steam powetr gr kWh electricity to consumer are shown
in Table 7-13and are calculated along the lines of section 83&Ad 5.3.2.2 respectively. 7,78 MJ of
primary energy (equals 2,16 kWh) need to be inputtlie provision of 1 kWh of electricity. This

results in a degree of efficiency of supply of 48,2

Table 7-13:  Specific primary energy input and tothemissions of gas powered gas and steam
power plants per kWh electricity to consumer /GAB 9, GEMIS 4.2, WI 05/
Specific
primary Cco, CcoO CH, | NMVOC NO, N,O SO,
energy input
Unit | kWhpdkWhy, | g/kWh, | mg/kWh, | mg/kWh, | mg/kWh, | mg/kWh, | mg/kWh, | mg/kWhy,
Total 2,16 410,3 422,6 701,5 50,0 789,6 21,3 15,2

7.3.3 Summary and combination possibilities of reference alternatives

All reference alternatives of separate heat anctridéy generation described in previous sectiares
summarised by means of the specific energy inpditG@-emissions presented Trable 7-14
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Table 7-14:  Summary of the reference alternativesf@eparate energy generation in the
comparison of systems

Distribution Use Total
Specific | CO, emis- | Specific | CO,- emis-| Specific en-| CO,- emis-
energy input sions energy input sions ergy input sions
Unit kWhpe/ g/ kWhee/ g/ kWhpgd of
KWheg kWhee kWhye kWhye kWhye kWhye

e
g Currentstockof} ) 44 26,0 1,25 286,1 1,41 312,1
2 heating systemg
o -
© BVT heat (gas 1,14 21,9 1,06 211,3 1,21 233,2
I hot water)
> | CHPsubstitu- | 44 87,9 2,45 818,6 2,76 906,5
oy tion mix
>
(%] .. .
2z | Electricity mix 1,10 61,9 2,66 550,9 2,93 621,8
L2 in Germany
3]
[}
g |BVTelectr (gasf 4 19 49,3 1,82 361,0 2,16 410,3

and steam)

From the possible six combinations of the two Imgpteference cases and the three electricity supply
alternatives, three combinations were selectethi®majority of the current effort. These threesref
ence cases are presentedable 7-15 Only the alternatives that considered (1) ang@neconomic
analysis to determine CHP-substituted electri¢®y,current electricity generation stock, and {3st
available technology’ were used. These three optioere combined with the two specific heat provi-
sion reference cases as shown in Table 7-15 fopalparative analyses of the CHP systems.

Table 7-15:  Combination possibilities of heat andlectricity supply alternatives in compari-
son of systems

Heat supply
Current stock of heating sys- | Best available technology (gas
tems condensing boiler)
> | Substitution mix by CHP- elec- EW i
2 tricity feed-in
=]
%]
2 Electricity mix in Germany Stock -
L
© | Best available technology (gas
uij powered gas and steam powe - BVT
plants)

EW’ means that the feed-in of the CHP system whth €HP substitution mix is evaluated and the
electricity supply assessed with the Germany mixgeherating technologies. The combination
‘Stock’ involves an offsetting with the Germany nfior both the CHP electricity feed-in and the elec-
tricity supply. The evaluation of the CHP electydieed-in for the ‘BVT’ combination happens with

the Germany mix, the electricity supply is offsaéthwthe BVT electricity (best available technology
of natural gas combined cycle plants).
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7.4 Primary energy and emissions

All energy flows that are necessary to supply respe buildings with electricity and heat were part
of the calculations concerning primary energy comsion. The allocation of the primary energy
input for CHP-facilities was accomplished accordtogthe efficiency methodology (see /Arn 07/).
The buildings that were supplied electricity andtreeparately required a primary energy demand for
heat generation required by heating boilers andherelectricity supply. In buildings that were sup
plied by CHP, the primary energy demand was spii four fractions: the consumption of the CHP
system was assigned to heating and electricityrgéna and the primary energy demand of the peak
boiler gas and auxiliary energy were consideredtheamore, the remaining electricity supply was
evaluated and the CHP electricity feed-in was t¢eediCQ-reductions only partly contribute to na-
tional CQ-reduction commitments because a certain fractfadheoreductions is achieved abroad due
to the pre-chain of electricity provision from abd

7.4.1 Primary energy and emissions comparison of the measured CHP-systems

Initially, the primary energy and emissions comgami was made on the basis of the measured per-
formance of CHP systems. The measured energy cqtisumaata is reported in Table 6-3 and Table
6-4 of /Muehl 07/.
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Primary energy consumption of the energy supply in

Heating boiler boiler ICE 1 ICE 2 FC Prototype SE
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| mHeating boiler-heat CHP-heat CHP-electricity B Electricity supply (feed-in) |

Figure 7-6:  Primary energy consumption of the energ supply of reference — and CHP alter-
natives (combination ,stock’)
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Figure 7-7:  Specific primary energy consumption othe energy supply of reference- and
CHP alternatives (combination ,stock’)

Figure 7-6illustrates primary energy consumption of convamticenergy supply with heating boilers
and electricity supply as well as CHP alternatiwéth the reference alternative combination ‘stock’.
Note that the primary energy consumption of the GitBrnatives, which were necessary for energy
supply were between 19,1 and 27,9 % below the Kst@lternatives for separate electrical and ther-
mal energy supply.

Considering the results on specific primary en&gysumption presented Figure 7-7,conventional
alternatives were determined to consume 272,8 kw)(for MFH 10 and 271,5 kWh/(a) for
MFH 20. The specific primary energy consumptiorutissof the CHP alternatives undercut this ref-
erence by 52,1 kwWh/(fa) up to 76,0 kWh/(fa). CHP alternatives are different not only witae

to the amount of specific primary energy demandaist the breakdown of primary energy demand
(i.e., types of primary energy sources used).

The results for C@emissions are similar to primary energy consumptisults.Figure 7-8 shows
CO,-emissions of the energy supply for the ‘stockerehce and the CHP alternatives. The, Eis-
sions of the CHP alternatives are between 21,8348 % below the reference cases with separate

energy supply.
Figure 7-9 illustrates specific COemissions of the energy supply for the ‘stockerefice and the
CHP alternatives. The reference cases cause,adi3€harge of 54,6 (MFH 10) and 54,4 kgfén

(MFH 20), respectively. The G@missions from the CHP alternatives are from 1d,97,1 kg/(nfa)
below that.

38



90
80 A
70 A
(4]
=
k=
> 60 4
Q.
Q.
>
[%]
3 50 A
Q
c
()
Q
£ 40 1
S
%]
s
: == [
S 20
O
10
Heating boiler boiler ICE 1 ICE 2 FC Prototype SE
MFH 10 MFH 20 MFH 10 MFH 10 MFH 10 MFH 20
‘ MW Heating boiler-heat CHP-heat CHP-electricity M Electricity supply (feed-in) ‘

Figure 7-8:  CO,-emissions of the energy supply of reference- andHP alternative (combina-
tion ,stock’)
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Figure 7-9:  Specific CQ-emissions of the energy supply of reference- andHP alternatives
(combination ,stock’)

All of the overall primary energy demand and &#nissions results of conventional energy provision
with heating boilers and grid electricity and thelfZ alternatives are presentedTiable 7-16 Note
that the CHP alternatives always provide positikienary energy use and CO2 emissions reductions
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compared to the reference cases. Note also thgttbel data marked in orange of the alternative
‘stock’ were considered and presented in Figuretffr@ugh 7-9.

Less savings resulted from the reference combimaB¥T’ since the energy supply of separate gen-
eration happened in an energy efficient way. Howetree primary energy consumption of the CHP
alternatives were between 5,2 and 13,5 % angd&bissions between 5,9 and 13,5 % lower.

The greatest primary energy savings were betweghal®l 26,4 % and G&@eductions between 29,0
and 40,9 % in the combination ,EW’. Here, the maximpossible amounts of CHP electricity with
the greatest specific G@missions were credited, which resulted almost DQ-reduction by one
third on average.

Table 7-16:  Primary energy consumptions and C@emission of the energy supply of the ref-
erence- and CHP alternative

Reference alternative

Supply system EW Stock BVT

KEA A CO, A KEA A CO, A KEA A CO, A
MWh/a % t/a % | MWh/a % t/a % | MWh/a % t/a %

Heating boiler

g 1972 - 395 -| 1972 - 395 - | 1583 - 300 -
Heating boiler
el 3889 - 780 -| 3889 - 780 - | 3118 - s92 -
ICE 1

1512 212 325 3241530 224 205 2531|1448 85 273 92
MFEH 10
ICE 2 1413 264 286 404 1422 279 271 313| 1381 127 260 135
MFH 10 ’ i i ’ ’ 1 1 1 1 i 1 1
FC Prototype | 157, 130 344 20 1595 191 309 218| 1503 52 283 509
MFH 10
SE 3010 205 669 30] 3054 215 593 240| 2854 85 538 92
MFH 20 ' : ' ' ' ’ ' ’ ’ ' ’ '

7.4.2 Comparison of primary energy and emissions of CHP-systems with equal power rating

To reduce the influence of the different powerngsi of CHP systems, the comparison of the primary
energy and emissions were conducted on the basiHef systems with equal power rating. Their
energy amount is taken from the Table 6-4 in /M@l All CHP systems were standardised to a
maximum heat generation of 300 kWh/d or 12,5k this case, it is not necessary to demonstrate
both, the absolute and specific primary energy wongions and C@emissions respectively. The
absolute values of primary energy consumption &eddQ emissions for CHP systems with equal
power rating are listed ifable 7-17for the reference alternative ‘stock’. Furthermaoely one ap-
plication, the MFH-10, is necessary to make thepamisons. Note that positive differencég {n
primary energy consumption and €@missions denote reductions due to use of CHRmgstom-
pared to the reference system.
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Table 7-17:  Primary energy consumptions and C@emission of the CHP systems calculated
to equal power rating

Supply system KEA in MWh/a DifferenceA in % CO,-Emissionen in t/a DifferenceA in %
ICE1 153,0 22,4 29,5 25,3
ICE 2 142,2 27,9 27,1 31,3
FC Prototype 159,5 19,1 30,9 21,8
SE 305,4 21,5 59,3 24,0

Figure 7-10 shows the specific primary energy consumptionhef énergy supply of the reference
case ‘stock’ and the CHP alternatives with equaVgrorating in the same application. In principle,
these results should exhibit the same trend agtkaented inFigure 7-7. The measured CHP systems
show similar reductions in primary energy consumpttompared to the reference case, even when
corrected for power rating. The only differencehiat the primary energy consumption changes show
less dispersion. The primary energy consumptiothefCHP systems is between 20,1 and 26,2 %
below the 273 kWh/(fa) of the reference alternative with heating bailed grid electricity supply.

300 . . .
Comparison of CHP-systems with equal power rating
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e
o
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Heating boiler ICE1 ICE 2 FC Prototype SE
MFH 10 MFH 10 MFH 10 MFH 10 norm. to MFH 10
‘ Ml Heating boiler-heat = CHP-heat CHP-electr. M Electr.(feed-in) O PE-saving ‘

Figure 7-10:  Specific primary energy consumption othe energy supply of reference and
,same power’ CHP- alternative (combination ,stock’)

The specific C@ emissions of the energy supply of the referentecks and CHP alternatives with
equal power rating are also in closer proximityrigure 7-11due to the correction for power rating.
The range is between 23,1 and 29,5 % below thefgp€©, emissions of the reference alternative of
around 55 kg/(1fa).
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Figure 7-11:  Specific CQ-emissions of the energy supply of the referencen@ CHP alterna-
tive with equal power rating (combination ,stock’)

7.5 Profitability analysis

There are different methods of the financial andedtment theory that can be used to analyse the
profitability of investments. The annuity methodvedid for comparisons of different supply systems
because respective total costs are given as aeoetd that depend upon respective capital, opera-
tional and consumption costs.

7.5.1 Profitability of CHP-systems

Basic data

Within the scope of this project a method for tissemsment of the profitability of CHP systems has
been developed. The methods used include the amgfbf energy, net present value and amortisa-
tion methods presented in the previous sections.

Characteristic energy values and results fromrigstrials and investmerft; assembly- and mainte-
nance- costs checked with the manufacturers w&entas input data. The specific interest rate con-
sidered in all computations is 5 %.

The energy prices considered are average valudge dberman gas and electricity prices for house-
hold consumers in the year 2005. They were deteanby the mixed prices (including basic price

and tax) for electricity and gas household conssrtieat were published by /BdE 06/ as illustrated in
Figure 7-12

6  These are catalogue prices for the systems available on the market, for the PEM-fuel cell Euro 2 by

Vaillant (prototype), costs of 15.00 € were applied.
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Since the prices given were based on an annualuogi®n of 3.500 kWh electricity and
27.000 kWh gas respectively, an estimate of théitjpaing of costs amongst basic, variable, and
power costs had to be developed. The feed-in @eCHP generated electricity was on average
10,08 ct/kWh in the year 2005. The energy costedisn Table 5-18 influence the basic data in the
profitability analysis.

20,0 6,4
Electricity: mixed price at 3.500 kWh/a || Gas: mixed price at 27.000 kWh/a

19,8 — 6,2

19,6 " 6,0
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g — — —_ — e m— — T e | e e o | =] ] c
% 19,0 — — | H 548
510
IS 18,8 = | —= | = | = | [1528
§ 18,6 — | H — |+ 508
L

18,4 — — 1 — | - 4,8

18,2 — — 1 — | [ 4,6

18,0 T T T T T T T T T T T T T 4,4

Jan Feb Mr Apr May Jun Jul Aug Sep Oct Nov Dec

05 05 05 05 05 05 05 05 05 05 05 05
@ arithmetic monthly mean of electricity prices 23 arithmetic monthly mean of gas prices
— -annual mean of electricity prices 2005 annual mean of gas prices 2005

Figure 7-12:  Mixed prices (including basic price ad tax) for electricity and gas household
consumers in the year 2005 /BdE 06/

Table 7-18:  Basic data of the profitability analyss (mean values 2005)

Variable costs Basic costs Power costs Feed ineat
Unit ct/kWh €/Month €/(kW-Month) ct/kWh
Electricity 16,9 6,50 - CHP surcharge: 5,11

Common price: 4,59
Comp. —payment: 0,38
Gas Household clients: 15,00 0,35 -

4,3
CHP clients: 3,66

/BdE 06, KWKModG, EEX 07/

Respective results of the profitability analysie dlustrated in the following figures. The effedb
price changes of electricity and gas are considerednsitivity analyses subsequently.
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Annual costs

The annual costs of the energy supply showRigure 7-13are split up into asset, variable, and con-
sumption costs. The example illustrates the resoitthe CHP-electricity alternative called the dds
model’. For the “User-model” annual costs of all Eldlternatives are below the annual costs of the
corresponding reference cases. The asset and leaciadis are greater compared to the CHP systems,
which in turn are more expensive than heating bmil€his is compensated, however, by significantly
lower variable costs. The annual costs of the Cyfeems are in the range of 5,2 and 15,4 % below
the annual costs of the reference systems.

25
20 1
15 1

10 4

5-

Annual costs of the energy supply in 1.000 EUR/a

Heating boiler boiler ICE 1 ICE 2 FC Prototype
MFH 10 MFH 20 MFH 10 MFH 10 MFH 10 MFH 20
\ M Capital costs M Operating costs Consumption costs \

Figure 7-13: Annual costs of the energy supply ofhe reference and CHP-alternative (,User’-
model)

To account for the size of the residence, the droasis are related to (divided by) the effectiveaa

of a multifamily residence, resulting in comparabjeecific annual costs as shownFigure 7-14

The cheapest alternatives on a specific annualbass$ are the CHP systems of ICE 2 and SE, which
cost around 13,5 €/(@). The other CHP systems cost between 14 (FC typafpand 15,3 €/(fa)
(ICE 1). The reference alternatives are 15,5 (MFH @nd 16,1 €/(fa) (MFH 10),which are more
expensive than the CHP alternatives.

Since the profitability analysis always considd¥s tosts of the energy supply for electricity ardth
the selection of the CHP-electricity alternativeed® to be considered. In the “User model”, CHP-
produced electricity is used to the extent availdbl domestic consumption. The excess electrisity
fed into the grid and subsequently sold back toutfiidy. Domestic electricity demand beyond the
one provided by the CHP system is met by the grid.
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Figure 7-14: Specific annual costs of the energy gply of the reference and CHP-alternative
(,User'-model)

The general electricity model implies that only ttwlectively used energy in a given multi-family
house, such as e.g. the light in the hallway, pked by the CHP device. In contrast, in the catel
feed-in model the CHP produced electricity is etyiffed into the grid and then sold back to thé uti
ity. Table 7-19 lists the absolute and specific annual costs & tonventional heating
boiler/electricity supply alternative and the CH@&tems. The energy supply with CHP systems is
only cheaper than the conventional alternativ@ef majority of the generated CHP electricity can be
used directly. This is only possible with the "Useodel”. The energy supply costs of the CHP sys-
tems in the ‘General electricity’ model are betw@eand 9,3 % higher than the conventional alterna-
tives, and are between 1,9 and 11,2 % more expeitisan conventional alternatives with the ‘Com-
plete feed-in-model.

The breakdown by percentage of the investment asenably costs of the reference and CHP alterna-
tives is shown in the ‘User model’ FFigure 7-15the primary (left-hand) axis. Considering the con-
ventional alternatives, the heating boiler domisatee investment costs with 69 and 75 % for the
MFH20 and MFH10 cases respectively. The CHP altemminvestment costs are between 56 and
64 % of the total. The second largest portion ef@HP alternative investment is the peak boiler in-
vestment, which ranges from 12 to 18 % of the totaéstment. The remaining 23 to 25 % of the
investments go to the other components of the GldRem, e.g., the storage facility and connections.
The absolute investment and assembly costs ofefileeence and CHP alternatives are illustrated in
Figure 7-15 on the secondary (right-hand) axise(jpatas).
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Table 7-19:  Absolute and specific annual costs dfi¢ energy supply

Supply system Capital costs Operating costs Consumption costs alTot
€ €/m?2 € €/m2 € €/m2 € €/m?2
Boiler MFH 10 1.032 1,43 92 0,1 10.505 14,5 11.628 16,1
Boiler MFH 20 1.482 1,03 127 0,1 20.661 14,4 22.271 15,5
ICE1 3.310 4,6 354 0,5 6.465 8,9 10.129 14,0
o ICE 2 3.409 4,7 367 0,5 6.064 8,4 9.840 13,6
% FC prototype 3.786 52 413 0,6 6.829 9,4 11.029 15,3
g SE 5.931 4,1 685 0,5 12.717 8,9 19.333 13,5
g ;8 ICE1 3.244 45 352 0,5 8.393 11,6 11.989 16,6
;g\ % ICE 2 3.343 4,6 365 0,5 7.996 11,1 11.704 16,2
;:: % FC prototype 3.721 51 411 0,6 8.661 12,0 12.793 17,7
% o SE 5.800 4,0 681 0,5 15.582 10,9 22.062 15,4
% @ ICE1 3.244 4,5 352 0,5 8.599 11,9 12.195 16,9
g ICE 2 3.343 4,6 365 0,5 8.202 11,3 11.910 16,5
§ FC prototype 3.721 51 411 0,6 8.856 12,3 12.988 18,0
SE 5.800 4,0 681 0,5 15.891 11,1 22.372 15,6
100% 7
—
80% T

H B

r 10

Breakdown of Investment- and assembly costs
Investment- and assembly costs in 1000 €

T T T T 0
Heating boiler Heating boiler ICE 1 ICE 2 FC Prototype  SE
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‘ CHP-system B SLK M Chimney conn. BPS “WWSP BWW-module BMEI. Conn. El.meter ‘

Figure 7-15: Percentaged breakdown (primary axis) iad absolute values (secondary axis) of
the investment and assembly costs of the referenad CHP alternative (,User’
model)
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Actual costs of energy

The profitability results presented above can beifedd through use of actual costs of energy analy
ses such as that presentedrigure 7-16 Actual costs of electricity (light blue) and h€laght green)

of the CHP systems are presented in comparisohet@d¢tual costs of the conventional alternative
with electricity supply (blue) and heat generatmnboiler (green). The cost allocation of the CHP
systems was conducted by means of the efficiendhode(see /Arn 07/). At first glance, the actual
costs of CHP systems are 3,9 to 19,9 % below theahcosts of the separate conventional supply,
which suggests economical operation of the CHRegyst But these analyses assumed that the gener-
ated electricity from the CHP systems substitutestnof the electricity supply from the grid. If the
actual costs for CHP electricity generation of 1888,9 ct/kWh are not compared with the mixed
price for electricity supply of 19,6 ct/kWh on amge (‘User-model’), but otherwise compared to the
CHP feed-in tariff of 10,08 ct/kWh (see

Table 7-18) (‘Feed-in-model’), an economical opierats difficult to achieve.
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Figure 7-16: Actual costs of energy of the CHP alteatives in comparison
with the reference
Amortisation

A quick estimate of the profitability of CHP systens provided by means of the payback period.
Figure 7-17 shows the standardised net present value (ne¢rgrealue divided by net present value
at the beginning of the useful life) and the expdctiseful life of a CHP system of 15 years
(/VDI 2067-1/). The zero crossing indicates theljgk period of these CHP systems, which is be-
tween 7,6 and 10,8 years. These analyses are fwdstm CHP systems considering the ‘User-
model.” Neither the ‘General electricity’ nor th€omplete feed-in’ model cases reach a zero amorti-
sation before the end of the CHP system useful life
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Sensitivity of electricity and gas price developmen

The previous analyses are based on the assump#bertergy prices remain constant. Recent history
shows that energy prices are likely to increaghénlong term. This is shown by the price monitgrin

data of the Federal Statistical Office as showfigure 7-18
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The effects of electricity and gas price changeshe operation of CHP-systems are differ&mgure
7-19illustrates the payback periods of four CHP-systemthe ‘User’ model depending on electricity
and gas price alterations. The reference altemdtiv separate energy supply is the combination
‘Stock’. The intersection without price alteratiodescribes the basic case (rear corner of the 3D-
area). Here, the payback periods of the CHP-systembetween 7,8 and 11 years. Further sampling
points are annual price increases of respectivélyad 10 %. It becomes clear that the operation of
CHP-systems benefits from energy price increases) ¢hough with varying intensity. Considering
for instance the 3D graphics of FC Prototype inukég7-19 (left, bottom), the payback period drops
from 8,3 years to 7,5 years (based on the basi) éasa gas price rise of 10 %/a. For an elegyricit
price rise of 10 %/a the payback period drops 4oy@ars. If both price increases happen, the p&ybac
period is reduced to 6,1 years.
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Figure 7-19:  Sensitivity of payback periods with veying electricity and gas price changes
(,User’ model, reference ‘Stock’)
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The different effects of electricity and gas pradterations can be explained as follows:

The gas price increases affect the CHP systemsugtiod of both electricity and heat. But, in com-
parison with the reference alternative ‘Stockisiat more efficient way of using gas energy to poed
electricity and heat resulting in a positive redlutin the payback period for CHP systems.

When the price of electricity increases, the moggeesive electricity supply from the grid can be
substituted with the operation of the CHP systestsch results in a reduction in the payback period

of the CHP systems.
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Figure 7-20:  Sensitivity of the internal rate of reurn of various electricity and gas price al-
terations (,User’ model, reference ,Stock’)

Figure 7-20shows the internal rate of return (IRR) of therf@HP systems in the ‘User’ model as it
depends upon electricity and gas price variatioss( the reference ‘Stock’). The basic case withou
price variations is at the front corner of the 3btg. The internal rate of return values are inrdmgge

of 8,5 and 13,4 % and increase to 18,4 and 23,dr%hé& case when annual energy prices increase at
10 %/a. The basic correlations of the effects etteicity and gas price increases as describelen t
payback period section are also true for interatd of return.
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Table 7-20:

alternatives and reference systems

Payback periods and IRRs of the CHP-siams depending on CHP-electricity-

CHP- system Reference alternatives
EW and stock BVT
tamort iN @ IRR in % tamort IN @ IRR in %
ICE1 8,3/6,1 12,4/22,3 10,3/7,0 9,4/19,2

5 ICE 2 8,1/6,0 12,8/22,7 9,9/6,8 9,9/19,7
3 FC Prototype 11,0/7,3 8,5/18,4 14,3/8,5 5,5/15,4

SE 7,8/5,8 13,4/23,4 9,8/6,8 10,1/20,0
%‘ ICE1 -/13,3 <0/7,1 -/- <0/0,9
g ICE 2 -/12,5 <0/8,0 -/- <0/2,3
% FC Prototype -I- <0/3,7 -I- <0/<0
g SE -/10,7 <0/10,7 -/15,0 <0/5,0
£ ICE 1 - <0/4,4 -1 <0/<0
E ICE 2 -/14.5 <0/5,5 -/- <0/<0
é_ FC Prototype -/- <0/1,0 -/- <0/<0
§ SE -/12,0 <0/8,7 -/- <0/2,2

1. Value.. basic case / 2. value.. 10 %/a priceeise

Considering the ‘Complete feed-in’ or ‘General &ledy’ models with the current feed-in tariff,
there are almost no economically favourable redaltshe payback period and the IRRable 7-20
shows the payback periods and IRRs of the CHP ragsées a function of the CHP-electricity alterna-
tive and the reference system. The reference atiees ‘EW’ and ‘Stock’ can be considered together
as they possess the same heat generation referBmee are only few payback periods that are
shorter than the useful life when there is an ahpriee increase of 10 %/a for both gas and electri

ity.

Sensitivity of the profitability to investment cost and the feed-in tariff

Operation of the CHP system alternatives in then@lete feed-in’ model cannot be made profitable
under current circumstances of price (investmestyand feed-in tariff. However, reductions in the
investment cost of CHP systems may make them phbiditin the ‘Complete feed-in’ model. The de-
gree to which the investment costs of respectivé Glstems need to be reduced must be identified
so that the amortisation lies within the usefud liime of 15 years and an IRR of at least 5% @n b
achieved. The left column dfable 7-21lists, in percentage terms, the required reduostia invest-
ment costs that are required of each of the CHEsgs An economical operation would be possible
even in the ‘Complete feed-in’ model if the investrh costs of the CHP systems were 10 to 44 %
lower.
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The second parameter of interest in this sengitauialysis is the amount of money one garners from
provision of CHP electricity to the grid (‘feed-)n'Since policies desire the efficiency increases a
CO,-reductions that can be garnered by use of CHRF,sheuld be designed to maximize the amount
of cogenerated electricity independent of the fieetdriff value. Note that the effects of the fdad-
tariff are negligible if most (or all) of the CHReetricity is used in the building itself with supmen-

tal electricity provided by the utility grid. Whaémains to be identified is the value of the feed-i
tariff (usual price, avoided grid use and CHP-bQrihat makes the simpler ‘Complete feed-in’ model
possible (that is profitable). Therefore, the sivigi of the CHP system profitability to the fedu-
tariff was considered and is provided in the righlumn of Table 7-21The values indicate the break-
even point of the economical operation of eacthef@GHP systems in the ‘Complete feed-in’ model.
If the feed-in tariffs for the CHP systems werewssn 11,8 to 19,4 ct/kWhan economical opera-
tion of the ‘Complete feed-in’ model would be pdrsi

Table 7-21:  Required reduction of the CHP-system &bs and feed-in tariff respectively for an
economical operation in the ,Complete feed-in’ mode

CHP- system Reduction of the investment costs in % Feed-in tariff in ct/kWh
ICE 1 28 14,9

ICE 2 19 12,7

FC Prototype 44 194

SE 10 11,8

7.6 Summary of the comparison of systems

The comparison of CHP systems as installed in eesial co-generation applications to similar facili
ties with separate, conventional energy supplstithtes that the CHP alternatives have a lower pri-
mary energy consumption and €@ischarge. The CHP alternatives are only econdiyivable,
however, when the energy supply of the CHP systermompletely used in the building (‘User’
model) as shown by reasonable payback periodsragchal rates of return.

There are differences amongst the CHP alternatiitbsregard to the amount and breakdown of the
specific primary energy consumption, £émissions and costs. Table 6-1 shows variousriathat
affect performance and profitability. Data was ea&¢d on the basis of the objects MFH 10 and 20.
Therefore the results of the comparison of the Gifftems are not directly transferable on other ob-
jects (applications), but should be representaifvather residential applications of interest. Hoeu-
racy and precision of control strategies used ByGHP systems have not been taken into considera-
tion in the current analyses, which could affeet thsults achieved in practice.

Share of the thermal power on the power load of thbuilding P crp/Pbuilding

The selected approach to design the building sbttieathermal power of the CHP system equals
25 % of the building’s power load well-represertie tactual output of the various CHP systems
tested, which range from 25,3 % down to 21,5 Y%heftotal building power.
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Electrical CHP-demand fraction

The fraction of the total building electrical derdathat is met by usable CHP-electricity varies a-
mongst the CHP systems tested. The CHP systenesl tesh cover 55,1 55,6 %, and just under 61 %
of the total building electricity demand. Henceg tiemaining electricity that must be supplied t® th
building is lower than the amount of thermal enettggt must be separately supplied to the building t
meet demand for all of the CHP systems studiedrhere

Electrical CHP- production fraction

On the basis of the electrical CHP-production fmacty cyp prog.the modulation of CHP-systems is
identifiable. Modulating CHP-systems show 91,9 a®4,8 % since the electricity demand can be
covered by CHP-systems by night at least througtimuheating period. Accordingly the CHP feed-in
is low. The ICE 2 device shows ag &lp prog.0f 73,2 %. Another supporting criterion is the ajes
CHP coefficient of this device which is higher iangparison with other CHP-systems. That means
that the ICE 2 device generates more electricithh Wie same heat production.

Thermal CHP fraction

The thermal CHP fraction shows the share of heatigdion of the CHP-system in relation to the heat
demand of the building. For ICE 2 it is 85,3 %, FBE 1 78,5 % and 76,6 % for the SE system. The
remaining share needs to be covered by the peddr bdiich leads to an overall result of greater pri
mary energy consumption and £discharge.

Primary energy and CO,-Emissions

The comparison of systems confirms that the impfeateon of CHP in comparison to the current
separate generation of electricity and heat saviesap/ energy and CEemissions. The results are
listed inTable 7-22specific primary energy demands, £€nissions and costs for the energy supply
of the reference and CHP alternatives.

The primary energy consumption of the consideredP Gkistems (including peak boiler and storage)
lie in the range of 19,1 to 27,9 % below the ‘Staeference alternative with separate energy provi-
sion. There is an even greater reduction effedt wagard to the C&2emissions of the CHP alterna-
tives. The C@emissions of CHP systems are between 21,8 and%31e®s than current separate
provision of electricity and heat. Even with thderence alternative ‘best available technology’
(BVT), the primary energy consumption of CHP systeim lower by 5,2 to 12,7 % and O
emissions are 5,9 to 13,5 % lower than the higffigient separate energy supply. The greatest-CO
reductions of CHP systems can be achieved by casgpato the reference alternative ‘EW’ (up to
40,9 %).
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Table 7-22 Specific primary energy consumptions, @,-emissions and costs of energy supply
of the reference- and CHP alternatives on the basif 10-family houses
Supply system
Reference | CHP-electricity- Size Unit Separate supply: heating CHP-alternatives
alternative model boiler / electricity supply
EW KEA | MWh/(mz2-a) 264,2 - 265,5 195,5-217,8
A % - 18,0-26,4
coO, t/(m2-a) 66,8 — 66,9 39,6 — 47,6
A % - 29,0 -40,9
Stock KEA | MWh/(mz2-a) 271,5-272,8 196,7 — 220,7
A % - 19,1 -27,9
CGo, t/(mz2-a) 54,4 — 54,6 37,5-42,7
A % - 21,8-31,3
BVT KEA | MWh/(mz2-a) 217,7-219,0 191,1 -207,6
A % - 52-12,7
CGo, t/(mz2-a) 41,3-41,6 36,0 -39,1
A % - 59-135
User Kges €/(m2-a) 15,5-16,1 13,5-15,3
A % - 52-154
General electricity |  Kges €/(m2-a) 15,5-16,1 15,4 -17,7
A % - -10,0-0,9
Complete feed-in Kges €/(m2-a) 15,5-16,1 15,6 — 18,0
A % - -11,7--0,5

From the economical point of view the only profi@lCHP system use condition are those repre-
sented by the ,User’ model. The annual costs ofGH systems are then between 5,2 and 15,4 %
below the annual costs of the ‘User’ referenceridtives and the simple payback period of the CHP
systems ranges from 7,9 to 11,3 years. The prdfitabf CHP systems increases with rising eleetric
ity- and gas prices.
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