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Preface

The International Energy Agency (IEA) was established 10
strengthen the cooperation between the member countnies
i the energy fizld One element of thess copperative ac-
tivities is to undertake energy research, development and
demonstration {FDGED)

Dhstnict Heating and Cooling 15 seen by the [EA a5 a means
by whntch countres may reduce their dependence on oil and
improve their energy efficiency. 1t involved increased use
of indipenous or shundant fusls, (he utilizshon af wasie
energy and Combined Heat and Power (CHP) [EA's
"Program of Research, Developmient and Demonstration
on District Heating and Cooling” was established a1 the
end al 1983

Ceneral information about the IEA Diginct Heating and
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ROVEM Phone 3 1-464-202202
Metherlands Agency for Energy  FAX 31-464-528200
and the Environmemnt

Sir. Frank van Bussel

PO Box 17

ML - 6130 AA Smard, The Netherlands

The work which is the subject of this report was prepared
under Annex 1V of the program, which was implemented
in 1993 with the partication of nine countnes: Canada,
Denmark, Finland, Germony, The Metherionds, Norway,
Sweden, United Kingdom and the USA. The Republic of
Korea is now also participating, in this Afinex

An Experis Group provided valuable comment on drafts of
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Executive Summary

SCOPE AND PURPOSE

This repart describes the energy efficiency, economic and
emvironmental implications of allernatives fior integraning
distnict cooling with Combined Heat and Power (CHP)
The purpess of the report is to provide guidance to design-
ers of distnct cooling systems to identify the best options
for integrating distnct cooling with CHP in pew plant
facilinnes

Each case wall have ils own particular techmeal and
economic parameters, and this reporn is intended to md in
siructuring the essential case-specific analysis, rather than
substituting for such an analveis. Capial and operating
costs for CHP and chiller technologies are presented, but
significant vanatons in oostls can oocur due 1o CurTency
values and odher case-specific factors

Far the purposss of this report, distnct cooling, 15 defined
as any eveem which provides butlding cooling through the
distnbution of chilled water, hot water or steam from a
central plant.  Thus, cooling achieved through distnbunon
of district hot water or steam to drive absorption chillers
located in buildings 15 also considered district copling

The repon addresses:

= the thermachmamic fundamentals of CHP and
costing. providing a conceptual foundaton for
laler quantification of the efficiency of ahernative
cooling/CHP options;

#  the efficiency, air emissions and economics of al-
termative CHP technologies (gas mrbing, recipio-
cating, engine, steam furbine and gas turbine
combined cycled,

#  the efficiency, refrigerant environmental impacts
and economics of aliernative cooling technolo-
gies (electric centrifugual, steam turbine oen-
tnfugal, one-stage sisam absorption, Peo-stage
seam absorption and hot water absorption

= review of fundamental aspects of distnict heating,
and cooling sysiems which are relevani o inte-
grating district cooling with CHP,

¢ the efficiency and economics of integrated cool-
mg/CHP  technology  alematives,  incloding
presentation of economic formulas, discussion of
key economic variables and caleulation of cool-
ing, coms for ilustrative hypothetical scenarios,
and

* case study examples of integrating district coal-
ing/CHP.

ENERGY EFFICIENCY
Basis for Efficiency Comparisons

A& consistent “figure of ment” for comparing the energy
efficiencies of different options for combining CHP and
cooling is problematic because each option, emploved 1n &
piven circumstance, will produce different anmual quant-
ties of electricity, heating and cooling  Efficiency com-
parisons based on summing these three types of energy
outputs will be misleading because they ignore the differ-
ing exergy qualities of electnicity, heating and cooling.

Congsquently, compansons of the efficiencies of alterna-
tve CHP/chiller options were made on the basis of max-

mizing chilled water production.  Heat-drven challers were
supplemented with electric-drive challers using available
electric output from CHP.

Findings Regarding EfMiciency

1. Ifthe goal is maximom cooling, cutpul per umi of fuel
used. the CHP technologies rank as follows, from
highes1 1o lowest output

e Gas murbane combaned cycle
e [riesel engone

= Cias turbine

»  Steam turbing

This rankang holds true regardiess of the chiller
technologies emploved, although the extent of

differences between the CHP types vaned depending
on the chiller technologies.

(1

With a stmple cvcle gas murbene, the fugher-iemperns-
twre hes-drven chlillers (supplemented by electnc
drive chillers) provide more cooling output than the
lover-temperature ophions, with the electnc-chillar-
only option providing the lowest cooling outpul  This
is also roughly troe wath a diesel engine, although the
lower-temperatune heat-dnven opliing COMpRre morne
favorsbly because the temperature of the useful ther-
mal output of diesel engines 15 more limited compared
o the gas murbane.

1. With steam turbine and gas wrbine combined cycle
CHP, the slecirc drive chiller provides the highest
cooling owtput, followed by hot water absorphion and
other heat-driven options, roughly tn order of increas-
ing driving temperature. The differences between
chiller types with gas turbine combined cycle are Jess
than these for steam turbine CHP

4 When cormbining cooting with CHP in new gas mrbing
combined cycle faclities, there are only small differ-
ences in overall efficiency berwoen maximizing eclec-
tric productian and wsing elecine dnve chillers com-
pared to extracting some of the thermal energy and



uging it 1o operate absorption chillers. The differences
in practical efficiencies are within the ramge where

specific equipment selection and design conditions
will deizrmine which alternaiive is most efficient.

5 Bimple cycle gas wrbine CHP can appear attractive
from an efficiency standpont when the thermal outpat
15 viewed as "waste heat ® However, if can be anguad
teat this 15 because, from the standpoint of new plamt
degign, tolal efficiency has not reallv been optimuzed
with o simple cvele, i 2, generally there is the capabil-
ity to generae additonal elecincity 0 a combaned
cyele

& For a new CHP facility, there 13 noi a compelling
argument for using heat generated through CHFP w
drive chullers as opposed 1o installing a condenming
tail to drive elecinc chillers.  However, this argument
does mot hold for the smaller end of the scale of CHP
facilities (e g, 5 MWg), where due 1o economies of
scale 11 s generally not cost-effective 1o install o seam
murbine 1o drive a generaion in a combured cyele.

ECONOMICS

This meport addresses the costs of generating cooling
energy usng CHP. However, distribution costs can be a
significant part of the total cost of district cooling, Where
a dastrict heating svstem 5 well developed, distribution of
“eooling energy” via the district heating loop for conver-
sion with absorption chillers has the potential o b the
most cost-effective option considening both plant  and
distnbution cosHs.

The economics of imegrated coplingTHP opuons are
lghly dependent on many case-specific factors. The
following discussion summanzes the results of the illus-
trative scenarios presemted in the report for new CHP
syslems in the 20-25 MW, size range under stated load
and economic assumpiions.

CHP oplions

1. In the illustirative scenanios, simple cvele gas turbune
CHP provides the lowen cooling cost af low valuss of
electricity (3 centakWh,), due in large pan to ifs low
INVestment cost

(]

Comienad cycle gag turbane CHP provides the lowen
cooling oost at higher electnicity values (above 3
centekWH,) as a result of it high elecine efficiancy
As electncity value rises, the competitiveness of the
gas urhine combinad cycle increases faster than the
ather CHP options.

3 With the potential for sieam turbine CHP o be fired
with lower-cost fuel, this CHP option has ihe potential
to be the most cost-effective option dependang on spe-
cific fuel costs

4 In CHP plants under 20 MW, reciprocating engine
CHP can become more competitive than indicaied in

the illustrative scenarios, and in CHP plants above 50
MW, steam turbane CHP has the potential to be mare
competitive than indicated

5 Eenstraty of cooling codts to chonges im fosl ooy,
heat value and alectricity valoe is lowest in the warm
clhimatz beeause net CHF costs are spread over o rels-
tively large number of cooling utilization hours. Con-
versely, sensitvity of cooling costs to these factors s
highest in the cold climare becaise net CHP cosis are
epread over a relatvely small number of cooling, wtili-
zation hiours.

Chiller aptions

I. Based on the illustrative scenanios, electnic drve
chillers combined wath gas rurtane CHP (m low slec-
tric values) and gas turbine combined cyvcle CHP (m
high electric valuses) provided the lowest cooling costs
for centralized chilled water dastrict cooling. How-
EVET, 10 many scenancs the cost differences berween
electric dnve cooling and heat-driven  options
isupplemented with slectnc dnve) were qute small
and can be considered inmgnificant i view of the
many case-specific varnbles which can affect the cal-
culations. In general, the costs of the CHP are more
significant than the costs of the chiller equipment

Genernlly, cost differences berwesn ihe cooling
technologes combined with simple cycle gas tarbine
and diesel engine CHP are very small because the
electnc outpui of these CHP technologies 15 not
affected by thermal extracnon  In contrast, with steam
furbine CHP ond 10 a lesser céxtemi gas furbine
combined cycle CHP, cost differences between chiller
technologies are more significani because wath the
steam cycle the electnc output decreases when thermal
energy is entracted, and this derate mcreases with
increasing thermal extraction temperatuns

[ &

3. Aside from direct sconomic considerations, the value
of flexibility and reliability may lead the system
desagner to install heat-driven chillers. For example,
heat-driven cooling can help prolect against penaltiss
aszociated with a loss of power generation capacily
peak, since with heat-driven chillers the systemn opera-
tor can fire up relmively inexpensive standby boiler
capacity

4. For all CHP types, the economic differences bebween

the heat-dnven chiller options were relatively small,
with cosis slightly hagher for chillers requiring highier-
tempemmiure drving enengy.  In essence, the higher
imvestment costs for higher-temperature heat-dnven
ophions was o a large exteni offset by their higher
efficiencies.




Chapter 1
Introduction

1.1 PURPOSE

The purpose of this report is 10 provide guidance to design-
ers of digirict cooling systems to identify the best options
for integranng district cooling with Combined Heat and
Power (CHP) by describing the ensrgy efficiency.
economics and emaronmental implicatons of alternatives
for imegrating district cooling, wath CHP.  Each case wall
hine s own  pamicular technical and  economic
parameters, and thas report i miendad to aad o strecturing
the essential case-specific analysis rather than substituting
for such an analvsis. Capetal and operating costs for CHP
and chiller technologies are presented, but significant
varialions in cosis can ocour due o currency values and
other case-specific factorns

For the purposes of this réport, district cooling ix defined
as any sysiem which provides building cooling through the
distribution of challed water. ot water or steam from a
ceniral plant. Thus, copling achieved through distribuwtion
of district hol water or stéam 0 dive abserption chillers
located in buildings 15 also considered distnct cooling,

It is important 1o note that this repont  addresses
companson of technologses for divtrict cooling, as opposed
to comparison of district cooling with individual building
chillers. There are many sdvaniages to district coching
generally, regardless of the specific distnet eooling
technology employed  Although not the forus of this
repart, it 15 worth noting these advaniages, which include

I impreved opportunities for reducing peak
eleciric demand through non-zlectric cooling
sysiems and throwgth thermal energy siorage,

[

cosd avoudance due o reduced requirements
for electricity disirbution  infrasinsctuse
Eerving downlown areas,

3 umproved aimbity o produce chilled waber
fru_n plant capacity which 15 undenitilized

during smmer,

4 improved energy efficiency resulting from
optimal loading of chiller {and. as applicable,
CHP) equipment;

5 improved ability 1o use Jow-temperaturs beat
sinks for condenser cooling.

6. lower costs due to economies of scale 1 plant
imvestmenis and operating costs, and

7. mproved economics resulting from  Foad
diversity

1.2 APPROACHES TO DISTRIBUTING
COOLING ENERGY

This report focuses on CHP and chiller technologes for
generating cooling energy  Dhsiribution of cooling energy
can be accomplished through distribution of chilled water
or some other cooling mediom such as we sharry) or
distrect heat i the form of hot water or sieam.  Although
the analysis of distnbution alternatives 15 net the focus of
this report, the distnbation approach can have a mapor
impact on the cconomics of alernatives for integrating
district cooling with CHP. From the standpeint of cooling
energy dastribution, the muyor approaches to imisgrated
district cooling/CHP can be catzgorized as follows

o Centralized chilled wxer

= Decentralized chilled water

= Dhspersed district-heat-driven

e Decentralized distnct-heat-driven

Centralized chilled water svstems serve a large orea
through one imtegrated clulled water dastmbutien system
fed by one or several larger CHP plants using any type of
chiller technology. (See Figure 1.1 )

Decentralized chilled water systems employ multiple
independent chilled water distnbubion systems, fied by
smaller CHP plants using any type of chiller rechnology
This approach may be used dunng the early stages of
development, wath eventual imerconnection of the multple
systems in the long term. (See Figure 1.2 )

Dispersed disnct-heat-dnven absorphion approaches use
small absorptron chillers. located 1n user buildings, which
are driven with distnct hot waler or steam.  This approach
gliminates the need for investment o chillad water
dastribution. | =ee Figure 1.3 )

Decentralized  distnci-heat-drmven  svstems  use  small
ahsorption plants driven with distnct bot waler or steam 1o
produce chilled wager for distbution.  This reduces the
investeent in chulled water distribution, and allows the use
of disinct hot water while avoeding some of the potential
problems relanng 1o 1) instalistion of chillers and cooling
towers in each building, and ) potential hot water service
prpe constraints. | See Figure 1.4,
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1.3 STRUCTURE OF THE REPORT

The balance of the report 15 organized as follows:

Chapter 2 discusses the thermodynamic fun-
damentals of CHP and cooling, providing a
conceptual foundation for later quantification
of the efficiency of alternative CHP/cooling
configurations

Chapter 3 describes the efficiency. air emis-
sions and economics of alternative CHP tech-
nologies (gas urbine, reciprocating engine,
steam turbane and gas turbine combined
eveley,

Chapeer 4 degcribes the efficiency, refnigarant
emvironmental mpacis and economics: of
alternmive cooling technologies (electnc can-
trifupual, steam turbine centrifugal, one-stage
steam absorption, two-stage steam absorpiion
and hot water absarpion ),

Chapter 5 bnefly reviews fundamenials of
dastrct heating and codling systems which
are relevant o integrting district coaling
with CHP.

Chapter 6 addresses the effioency and eco-
nomics of imegrated cooling/CHP technology
alternatives, including pressntation of eco-
nomic formulas, discussion of key economic
vanables and calculation of coaling costs for
illustrative hypothetical scenanaos

Chapter 7 describes case study examples of
integrated district cooling/CHP

Appendices are provided on unit converston factors and

currency exchange rates
1.4 UNITS
The fallowing units are used in this repon unless sthenase
noted
* Temperature "
» Pressure bar (absolute)
= Hea k'Whyy, or MWhy,
= Electricity k'Wh, or MWh,
« Coaling energy k'Wh, or MWh,
* Fuel heat coment  Lower Heating Value (LHY)
= Cost L5 dollars ($hor LLS. cenis
« Volume laters
*  AIT SMISSIOns myg/MI fuel or gkWh,

Appendin A provides conversion factors wioch may be
useful in adapting data into other umits  Appendix B
provides currency conversion factors at ihe nme of

publication

1.5 ABBREVIATIONS

The following abbreviations are used in the report

" @ ® @ ® @& ®w ® ¥ O = & ® & W S E 8 W ® ® & W ™ ® & &

CHP
LHY
kWh
MWh
c

5
EFLH

m?r
]
S0
o
HC
€Oy
SCR
150

mg,
ML

wkWh,
CFC
HCFC

Combened Heat and Power

Lower Heating Value

kaloWatt hour

AlegaWatt hour

Deegrese Celgins

U E dollar

Equivalent Full Load Hours

millimeters

IMEERTS

cubec maters

itrogen Orides

Sulfur deoxide

Carbon MMonoxide

Hydrocarbons

Carbon dioxide

Selective Catalytic Reduction

Internatsonal Standards Organization

milhgrams

Megaloule

rams per KWh electncity

Chiisrafluorocarbon

:;-drmhjumﬂwm‘hm
ydroflusrocarbon

Cosfficient of Performance

milhbar

Flundized Bed Combustion

Pressurized Fluidized Bed Combustion



Chapter 2

Thermodynamic Issues in Integrating District Cooling and CHP

1 INTRODUCTION

The basis for choosing betwesn mechanical, typically
elecinic drive, chillers and absorption chillers is nat
straightforward when chulling is integrated with Combined
Heat and Power (CHP)  Often, utilites are advised that
absorption chillers should be used when CHE is adopled
becaugs this will provide a summer losd for the hem
rejecied from the sleciricity generation process. Do the
other hand, operators of sleam turbinss know that glectric
outpul will decréase if the condensing or back pressure on
the turbing 15 increased above s design condenking

pressure and température.

A fundamemal thermodyname ssue 15 whether it 15 more
efficient 1o

| produce a much slectnicity as possible from a
condensing power plant and produce cooling
with electne drve challers, aor

fd

eoctract steam from the trbine or increase the
turbise back pressure enough to operate an
absorpiion chiller

1.1 TERMS AND SUBSCRIPTS

The terms and subscnipis used 1n the following discussion
are summanzed balow

Terma

n Efficiency

COP Coefficient of Performance - the quantity of
desired energy outpul (heating or cooling)
divided by the energy inpui 1o the process

T abeolute temperaturs (degress Kelvin)

Subscripis

C ldeal process (Carmot)

ABS ab=orption cycle

o Owverall (combining power  generation with
refrigeration cvele)

E Evaporatos

G Cenerator

AL Abzorber/condenssr

EX Extraction

L3 IDEAL EFFICIENCY

The beat way 1o understand the differences batwesn the teo
aliernatives noted i1 Secitbon 2.1 £ bo start wath the Carnot
equation for the ideal theoretical efficiency for a heal
driven enging

Ty T2
i1y

e ™
T

where T 1 the absolute temperature of the heat mput and
T+ 18 the absolute emperature of the heat rejectad from the
process, 1 e, for 4 stéam urbing the condensing, empera-
ture. (The shsolute temperature is the temperature above
ahsolute rero (0°K) and i equal to the temperature in *C
plus 2731  Geperally, the condensing temperabure can be
assumed 1o be close 1o ambient temperatures.  In the
following discussion ihe condensing tempersiure will be
assumed to be 35°C, a conventional summer design point
for cooling towers used to reject heat in power plants and

cooling plants

If the condensing 1emparature 1§ assumed 1o be fixed, the
principal variable is therefore the temperature of the heat
supply. It follows thar to get the most "usefiulness”™ our of
fuigl it is imiportant 1o utilize the high emperatures that are
available when fuels burn. It is equally clear from the
Camot equation (1) that if the condensing iemperature
{T3) increases, then the efficiency will decrease

Figure 1.1 sheres the relatonship of ne wath the condens-
ing temperature (T) when T equals 550°C. Cwnce a heat
supply temperafure has been established, then we moves
from the masimum af the lowest value of T5 to zeroas T»
approachies Ty.  Thus, as the condensing, temperature T3
increases the quantity of elecinofy decreases.
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Figure 2.1 Relationship of ideal efficiency to condensing lemparature

when heat supply temperature is 550°C

Faor o compression refrigeration cyche the bdzal perdorm-
anceé can be described by the reverse Carnot cyvcle

Ta

COBp™  wevemm (2)
T1-Ta

where T is the temperature of the heat input (evaporator ),
T is the 1emperature of the heat rejected (condenser) and
COP, is the Coefficient Of Performance of the cooling
cycle As is the case for the heat engine discussed above,
the condenser temperature may vary according to the
available heat sink, but can generally be assumed 1o be
close io ambient Different condenser temperatures wall
affect the performance of refrigeration cvcles but won'
have a significant impact on the comparative efficiencies
of alternaiive cooling/CHP options The evaposaior
tempersure T is the temperature of chilled water supply
and ig fived according o the design of the digtnet cooling
sysiem, typically about 50

Combirung the ideal efficiency of power generation
{equation 1) with the ideal efficiency of the refrigeration
cycle (equation ) , the overall efficiency of the ideal
compression chiller cooling ng s

ficg = T * COP¢ i3

The absgrptron cycle differs from the compression cyele in
that the environment for the required evaporation
temperature s created through a physio-chemical process
with some minor mechanical (pumping) inputs, rather
than a purely mechanical process. The formula for the
COP: for an absorption reffigeration cyele i3 equal to ihe
formula of the COP: for an ideal refrigeration cycle
working between Tg and T multiplied by e for an ideal
heat engine working between Ty and Ty This can be
simplified as shown in equation 4 assuming the
temperature rise over the absorber and condenser is quite
small (in the range of 5-7%C) and can thus be st as one

temperature, T ¢ in the simplified expression shown

Te (To-Tach TS TgTach

COF, = 4

ITM—TEJ- Tﬂ- TE'IITIH_"_‘—TEF

wherz

T = gvaporabor emperature {chilled water
tempeTature)

Tg = genemator iemperiure (S12am lemperaturne)

Tar = absorber/condenser lemperature (condenser

WalET [Emperature)

COP will increase with increasing T However, it is
imporant to note that Tg; 15 limited by the working fluids
and the design of the absorption chuller Represeniative
values for Tg in Lithium bromide absorption ase 120°C/2
bar for one-stage and 170°C/8 bar for Iwo-stage
Although high heat supply temperatures could be achaeved
through combuisthion of fossil fuzl or high pressure steam.
commercially available absorption chillers cannot take
advantage of the avadlable “usefulness” of igh temperature
encigy

For a refrigeration cycle using elecine drive chillers, the
temsperature of the heat supply to the engine 13 equal o the
temperature at which heat is suppied in an elecinic power
plant. This temperature can range from 1106°C (if a gas
turbine topping, cycle 15 used) 1o about 350°C (if caly a
gleam cvele is usad), Optimizing the elecine outpat from
the power plant usually requires a steam turbine botloming
cycle with the temperature of the rejected heat af about
ambieni temperatere

The overall ideal efficiency w0 (which accounis for the
efficiency of both power generation and refngeration) of
electric drve compression, one-stige and Dwo-stage
absorption chillers can be dertved as shown tn Tahle 2.1
assuming



#  chillers and power plants both reject heat at 35°C
(T4 from equation |, Ty from equation 2 or Ty
from equation 45,

= evaporator temperatures for the chillers are 3°C
iT from equation 2 or Tg from equation 4), and

= energy supply temperature to the power plant
turbine &5 350°C (T» from equation I er Ty from

equation 1),

»  energy  supply  lempersture 0 the  [-stage
abgorpnion chiller ig 120°C and 10 the J-gtage
absorption chiller is 170°C (T from equation 4)

Electric drive compresseon cooling
550-35 54273
‘ = 0626927 =580
SE0+ITA 355
One-4tage absorpbon cooling
120-35 5273
: = 0216 - 9.27=2.00
120+273 355
Two-stage absorption cooling
170-35 5+273
f = QM5 §IT=282
1T0+273 55

Table 2.1 Cwerall ideal efficiencies of cooling technologies
el

These sdealized walues for the overall efficiency
(kWekWin) according to the Camot formulas indicaze that
eleciree cooling whlizing & steam turbane powsr plant is
two to three times as efficient & the absorption aliernatives
if the ez fior absorpiion is taken from a boaler

The Carnct formulas have been armangsd above 10 38 to
illustrate that the key difference in the overall efficiencies
of the elecine drive and absorption chillers 18 the limited
ability of absorpbon squipment 1o use higher peneraior
temperatures.  The overall efficiency af the eleciric drive
chiller, under the assumption that the lemperafure of the
heat supplied to the power plant is limited 10 T = 1T0°C,
will be equal to that of the two-stage absorption chiller
shown o Table 2.1, This mnforces the concept that
cooling requites work and, based on Carnot's principles,
the efficiency of accomplishing this work 15 the same
regardless of the refngeration cycle if we assume identical
temperatures and operating conditions

Conceptually, a steam wrbine dove chilier is the same as
the steam turbine power plantelectne dnive chiller combx-
nation, except that the remperature of the beat supply to
the sieam turbine drive chiller is significanily lower {e.g,,
185°C) than for the steam turbine power plant, thercby
resulting in an overall efficiency close that of the absorp-
Vi) PROCESSEs,

14 ACTUAL EFFICIENCIES WITHOUT CHFP

The above equations describe ideal reversible processes
and provide a useful perspective on the differences between
the echnelogies. However, the efficiency of real processes
is lewer and can vary considerably depending on bodler
effickencies, turbine and chiller design and other case-
specific parameters. Table 2.2 shows typical values for
actual efficiencies (see Chaprers 3 and 4 for further
infrmaiion on actual eficiencies)

Power plant efficiency {LHWV: 0.3a
Steam bodler efficiensy [LHV) 0.8
COP slectric drive chillers

[excieding auilianes) 587
COP one-stage absorption chillers

{exciuding aiodliares) 0.67
COP two-stage absorption chillers

{exchuiding auxilianies | 1.20

Table 2.2 Typical sctual efficiencies for chillers and
related snergy conversion equipment

By combiming the efficiencies in Table 2.2 for power
plantsboalers with the refnigeraton cyvcle efficiencies, 1he
overall efficiencies of chilber ischnologies can be calculated
as shown in Table 2.3, These values show that the real
process efficiencies are 30-38% of the ideal efficiencies
The overall actual efficiency (kWeoolingkWryel) of elec-
¢ drve challers wall be almost 4 times that of one-stage
absorptron chillers (about 3 nmes using the Carmod Tos-
mula) and 2 times that of the mo-stage altermative {about
equal using the Camot formulal

dctual Overadl Actual | Ideal
Efficiency (ng) (5o / nco)

Electnc dnve coding

0,38 * 5.87 = 2.23 IE%

© absorpiion cooling

0.80 " 067 = 0.80 3%
Two-stage absorpton cooling

0,90 * 1.20 = 1.08 35%
Table 2.3 Overall efficiency (KWeooling®Wiuel) for
different cooling opbons, compafing aciual and (deal
afficiencios

2.5 ACTUAL EFFICIENCIES WITH CHFP

Az llustrated above, the key source of mefficency of
absorption processes is their mability o effectively use the
high temperature of the primary energy, whech 1s typically
made available through fuel combustion. The exhaus gas
from a gas turbine 15 sometimes seen as “waste hear "
However, the temperature is still about 450-550°C

Based on the discussion above, the heat avaulabde mn the
exhmost gas or extracted from a steam furkwne canmot be
conmderad “waste” heat of i & taken a temperatures
greater than the design condensing temperature (typically
about 35°C)  Above that temperature the heat can be used
for electnic production (via o bottoming, steam cycled or to
previde steam (0 absorption chillers. However, i the
energy in the exhaust gas is used direcily in an absorpiion

[ — s B BEER



cvele. which only utilizes a temperature of 120-170°C, the
overall actual efficienciss will b low compared to the elec-
e cooling option, a5 shown in Table 2.3

Therefore, to maks a companson between the different
chiller options. “wasté hem™ should be defined as heat
below the assumed ambient heat rejection temperature of
35°C A CHP plant is therefore assumed to include a
steam turbine in order to maximize efficiency. By
integrating CHP and absorption technology, the advaniage
it oot that "wasie heat” ic used. but 1l the steam turbine
convens the higher temperature energy available fraom foel
combustion inte mechanical energy or electnicity, and
brings the temperature of the energy dowm o the Jevel
where it can be effectively used in the absorption process
The potential 1o “produce work” that is squandered in a
botler’absorption  challer combinaton is captured in a
CHP/absorption chiller combination

For a CHP plamt the electric efficiency of a gas tur-
binedgenerator or a high pressure fleam turbine/generaton
will not be affected if low pressure steam s extracted for
purposes other than electric production. For example

* In a smple cycle gas turbine CHP plant, the
clectric efficiensy 18 ool affecied of steam s
produced using the hot fue gas.

# [n a sleam furbine CHP plant. the slsctric
efficiency of the low pressure  steam
turtnne/generator 15 affected by extraction of low
pressure steam but the efficiency of the high
pressure sieam murbine/ generator 15 not affectsd

Thus, to compare the efficiencies of elsctric drive chillsrs
wtlizing electricity from a condensing power plant and
absorption chillers exiracting steam from o CHP plant,
only the conditions from the extraction point down 1o
condensing pressure need 1o be compared

Az the backpressure or condensing temperature of a CHP
turbing 15 increased, it loses electric output.  However, the
quality (temperature), quantity and usefulness of the
rejected heat increases I the rato of useful thermal
enargy extracted is divided by the slectricity lost compared
o a full condensing power plant, then the resulting
number 15 the extraction COP (COPEY )

Thermal energy extracted

COPEY = (5
Electnicaty lost

Representative values for COPEy ar different extraction
pressure levels and sayuration temperatures for different
steam turbine thermodynamic efficiencies are illustrated in
Figure 2.2 and 2.3 The two different steam turbines with
thermodynamic efficiencies of 0 85 and 075 are shown in
the enthalpy/entropy diagram in Figure 24 The inle
steam conditions, 540°C/140 bar, were chosen to reflect a
modern small scale steam turbine plant. COPEx will vary
somewhat depending on chogen inlet conditions but the
vanations are not  significant for  this  conceptual

discussion. High COPpy can be obtunsd wath low
extraction pressures, with COPgY goung to about 16 for an
exiraction femperature of T0°C, s required for low
temperature heating loads and for domestic hot water
heating,

4] i =
Bt prewnue {par

Figure 2.2 Extraction COP[kWn/EWe) as a function of
steam extracion pressure

Exiracion satursSon fermpe sture [T

Figure 2.3 Extraction COP(KWin/kWe) as a function of
steam extraction saturation temperature

COPey can then be combined with the COP of the

absorption process (COP, o) 10 denve a COP comparable
i the COP for an elecine dave claller

If the extracnon COPgy =

Crantiry of useful energy at Ty (kWhyy,
Eleciricary penalty (kKWh,)

and, for an absorpuion chiller,

CEF"'.LH -

Cuantity of cooling (heat absorbed) (kK'Whyy, )
(Th

Chuantity of useful energy to operate the
absarption heat pump (kWhyy,)

and the quantity of useful energy & Ty aquals the
quantity of useful epergy to operme the absorphion
chiller (i e, the sumersor in squation & i§ the tame as
the denominmior in equation 7), then the simplified
equEtion s
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Em—:x r Emﬂm -
Cuantity of cooling (kWhyy, )
Cuantity of electricity lost or usad (kWhg)

{8}

Thas expression & the defination of the COP of an elecine
drive challer

Calculations of actual overall COP, for chiller/CHP
comtinations are shown in Tables 2.4 and 2.5 using the
chiller COPs from Table 22 and extraction COPs as
shown in Figure 2.2 for the rwo steam turbine efficiencies

Electric drive chillers 587
One-stage absorption chiller

(2 bar steam) 667067 = 4,47
Dne-stage absorptson chiller

{7 bar steam) BE92 067 = 597
Tweo=stage absorpbon chiller

{8 bar steam) 447°120= 5.3
Two-stage absorpbon chiller

(s bar steam) 33r*1.20m= 6. i

Table 2.4 COP, (EWeaali Welpctricity) for different
chiller options with a sieam furbine thermodyname:
efficiency of 0.B5

Electric drive chillers 587
One-stage absorption chiller

{2 bar steam) TIR"0DET = 4,95
One-stage absorption chiller,

{1 bar steam/} GEn*067T = G663
Two-stage absorption chiller

(8 bar stearm) 406120 = 5.95
Two-stage absorption chilller,

(4 bar steam) Sa8g*120= T7.18

Table 2.8 COP, {(kWroping/®Welectnony) for different
chiller options with a steam furbine thermodynamic
efficiency of 0,75

These wbles show that the actual overall COP is higher for
absorption chillers if the actual temperature/pressure of the
steam used to drive the absorption chiller is lower than
design wvalue  The drawback with lower extraction
pressure is & lower output from the chiller (capacity
decrease of about 30-35% at 50% of design pressure for
both one-stage and twe-stage absorpion chillers), which
will increase the investment per ton of capacity. On the
other hand, although driving absorption chillers with very
low temperature thermal snergy, e g, dismer hot water,
imvolves relatively high capital costs for chiller capacity
located in buldings or in decentralized chilled water
production plants, substantial capital snangs are possible
due io reduced invesiment in disiribution piping

The tables also show that the COP of the sheorption alter-
natives incresses with lower seam (urbene efficiency,
However, this does not mean that installing a less efficient
turbine will increase the feasibility of absorption cooling
A less efficient meam turbine prodiuces a higher ratio of
thermal to elecinic cutpul, and 15 producing the thermal
output &t a relatively higher cost.  Esssntially, this sxcess
thermal output truly is "waste heat™ because the best avail-
able equipment is not being used

L6 SUMMARY OF THERMODYNAMIC
OBSERVATIONS

To compare the efficiencies of electnc dnve chillers utiliz-
ing electricity from a condensing power plant and absorp-
tion chillers using extracted steam from a CHP plant, the
extraction of low pressure sieam in a steam turbane 15 the
SPPropriate process 10 examing.  Although the exhausn gas
from a gas turbing is sometimes seen &5 "waste heat”™ the
temperature is sull in the mnge of 4530-3530°C and 15 there-
fore capable of generating addiional elecinicity in 3 com-
bined cvcle Omly the conditnons from the low pressure
steam extraction point down lo condensing pressure need

1o be compansd

Drnving absorption chillers with thermal energy darsctly
from boilers resulis m low theoretcal and actual efficien-
cies compared 1o elecing drve chillers wung electncity
from a condensing power plani.  When combaning, coaling
with CHP, there are only small differences in overall offi-
crency between maximizing electric production and wsing
eleciric drive chillers compared 1o exiracting, some of the
thermal energy and using it to operate sbsorption challers
The diffsrences in acnial efficiencies are within the range
whers specific equipment selection and design conditions
will determune which aliernative 15 most efficient

These conclusions relame to design considerations for new
facalitias The ovailability of existing, equipmeni may
substantially alter the conclusions and the optimal design
meay in many cases include absarpiion chullzrs For exam-
ple, an existing CHP plant (sither steam turbing or simple
cycle gas wrbing) without an condensing tail may be avail-
able for eleciricity generation bul there 15 no corresponding
heat load durmng the cooling season.  In this case, the
summenime thermal production fruly 15 “wasie heat™ from
an economuc optimizabion stindpoml, unless 8 ik deger-
muined that i 15 cosi-effective to install a steam irbine
condensing tul and electric drive chillers.

2.7 COMPARING THE EFFICIENCIES OF
CHP/DISTRICT HEATING AND COOLING
OPTIONS 21

2.7.1 Energy Analysis

Conventional thermodhnamic analvsis is based primanly
on the first law of thermodynamics, which states the
principle of conservation of energy.  An energy analysis of
an energy CONVErsion system is essentially an accounting, of
the energes entering. exiting and stored wathun the system
Eficiencies. normally expresssd as rmanos of enengy
quantities, are ofien used o assess and compare Fystams

However, energy analysis has several shoficomings

e [t is the usefulness of quality of an ensrgy quantity,
rather than simply the enérgy quantity nself, tha s of
value. For example, the heat réjected fram the con-
densers of a power plant, although large in quantity, is
of little usefulness since its temperature 15 close to that
of the surrounding mr or water (i.e, the thermal



energy is of low quality)

# The thermodynamic losses which occur within a
gystem are offen nol accurately identified and assecsd
with energy analveis. Although enetgy 18 comserved,
and therefore enenpy losses are tracked & wase
ensrgy emizsions from a system, energy quality is not
conserved and can be depraded dunng a process (even
if there are no energy losses) For example, the
energy efficiency of eleciric resistance heating is
almost 1009 because there pre almost no energy
losses, however, the quality of the energy is greatly
degraded in comverung it from elacincity o relatvely
low temperpiure heat, and this depradation & not
accoumsd for with energy analyas

These shomoomings make 11 problematic to compare the
“energy efficiencies” of different options for combiming
CHP and cooling. becauss each option, emploved in a
given site-specific circumstance, will produce differ=nt
annoal quantiiees of electneity, bheabmg and cooling
Therefare, efficiency comparisons based on the suns of the
quantes of thess three ypes of emergy outpais will be
mislzadhng because they ignore the daffenng qualimes of
electrcity, heating and cooling,

1.7.2 Ezergy Analysis
Exergy anabysis pecmuts many of the shomcomangs of

energy analysis 1o be overcome  Exergy is the maximum
work obtainable as a sveiem comes to equilibnium wath a
reference emaronment, of, mere simply, exergy is that
portien of energy which is available for performing wusefil
tasks  Exergy analysis ideptifies ithe causes locations and
magnitudes of process inefficiencies. and is founded upon
the second law of thermodyiamics  The second law states
that, although energy cannot be created or destroved, it can
be degraded in quality, eventually reaching a state in

which it 15 in complete squilibrium with the surroundings
and hence of no further use for performng tasks

Mumerous imvestigations and apphcations hive been
reported for energy analyeas, since o 15 the copvenhonal
method of thermodvnamic snalveis  Recently, exergy
analysis has received increasing recogmibion by researchers
in industry, government and scademia, and the number of
reported applications has grown considerably.  Despue s
polential usefulness relaiive 0 evaluahing optons for
integrating, CHP and coling, exergy analvsis 15 not used in
this report because exergy analysis is nol commonly
understood, accepted or applied, and because application af
exergy analysis would add a laver of complevity which
could constrain the usefulness of the report  In the “real
world” energy, not exergy, 15 stll what i3 metered and pad
for. In additian, since the focus of the report 15 on cooling,
an approgereates efficiency Compansan using energy analys
can be made by assurmeng, that all CTHP outpuits, (electncny
and thermal energy) are used 1o produce cooling (the
“maximum chilled water output™ calculanons presented o

Chapter &)

However, the efficiencies of CHP/cooling technology
ophons are nol compared on the basis of towl energy oul-
puts {electricity, heating and cooling) which would be pro-
duced on an annual basis, for the reasons discussed above
Similarly, environmental performance of CHP'cooling
combinations t& not expressed as anussions per umt of ot
ENETEY outpul

REFERENCES
2<1. This discussion i5 based on an unpublished paper,

"Thermochmamics of CHP/Dustnict Cooling.” by Dr. Marc
A Rosen, January 1995



Chapter 3
CHP Technologies

L1 INTRODUCTION

Thas chapter descnibes and quantifies the efficiency, smis-
sions and economics of Combined Heat and Power (CHF)
technologies.  Following a discussion of key asmimplions
in Section 3.2, Sections 33 - 3.6 provide detailed discus-
sions of combustion wrbines, recIprocatng engines, steam
turbwnes and combaned cycles, respectively, Section 3.7
briefly addresses fuel cells Section 3.8 compares the effi-
ciency, emissions and sconomics of the myor CHP tech-
nologies

3.2 ASSUMPTIONS

In describing the CHP technologies, 3 medium temperature
hot water system with peak supply/remam temperatures of
[2WTS5C s assumed  However, bicause the economic
optimumn for CHP units {see Chapter 5) usually 15 less
than 100% of the thermal peak load base CHP sup-
ply/return temperatures of 100/75°C are used 1o present the
basic characteristics of each CHP technology — As
degcribed in Chapter 5, the CHP umit can then produce
about 55% of the peak heating demand and over 9% of
the heating energy in a 120775°C pysem, wath the tem-
perature of the thermal owmput incressed wath a boilsr
under peak conditions.  Installation of relatively expensive
CHP unite larger than 50-55% of the peak heating demand
i5 usually nol economical unless the prionty is producing
electnoity, with heat as a byproduct

CHP performance is also described at the higher tempera-
tures ofien used for absorption chillers: 2 bar/12(FC for
conventional one-stape absorpiion chillers and 8 Bag/ 1 705C
for two-stage absorption chillers.

All efficiency calculstions are baved on the Lower Heat-
ing Value (LHV) of fuely,. LHV does not include the
kxtent heat of vaporization of waler vapor in fuel combus-
tion products

In the discussions of sumple cycle and combuned cycle gas
turbine technologies, meference s made o “150° condi-
tions, which are 153°C outdoor temperature, 0% relative
humichity and 1003 mbar barometric pressure.  Pressure
drops in the intake znd 10 the cutlet were each assumad 1o
b= 10 mhbar

Detadled agsumptions behind the economic calculations for
each CHP wechnology are presented.  Laber cost estimates
were based on the acsumption that CHP syoiem labar rep-
resented an incremental addition to already-existing base
staffing for a district energy plant. On o project-specific
bagiz, labor costs are highly vanable depending on site-
specific cicumstances

3.3 GAS TURBINES

331 Description of Technology
Combustion murbines, often called gas turbsnes, are maul-
phile i a range of sazes, from | to over 150 MW, and can

be briefly descrbed as follows (see Figure 3.0

s The convenbonal gas wrbihe 15 an open process,
with the intake mir and exhaust gas respectively
being taken from and released to the surroundings

at atmosphenc pressure

»  Air is compressed an A compressor, thereby
mcreasing, both the pressure and 1emperafure

#  The compressed ar 15 delrvered 10 a combustion
chamber where it 15 mixed with gaseous or liguid
fisel and burned The combuaston takes place at o
consiani pressure and oocurs with lange quaditities
of excess air The turbime exhaust contans

oxygen (aboul 15% O4) and is therefore capable
of supporting additional combustion

# The high-tsmperature, high-pressure  gassous
combustion procucts enter the turbine, where the
expanding gases perform mechamical work by
rotating the turbine chafi A portion of the
produced work is used 1o dmwve the compressor
and overcome losses, and the remander €
avalable for power production

# In CHP applications the heal n the hol exhaus
gas. with a temperature of 450-350°C, is
recovered in a heat recovery botler

Natural gas and light to beavy fuel ol can be used & fuel
for combustion turbines. While matural gas s a “clean”
fuel and is relatively problem-free to use in a gas turbine,
heavier fuel oils must usually be cheaped to reduce the bevel
of substances that can cause high emperature corrosion or
surface deposits in the hol gas path of the wrbne One
potentially problematic aspect of using natural gas is the
pressure level of the natural gas  'With the high pressuse
ratio (pressure in the combustor after the compressor
dividad by intake air préssure) of moderm g turbings, the
pressure of the nameral gac from low pressure papehines
miust b boosted (o be able 1o use the gas in the gas nurisns

Ressarch and development for gas turbines 18 intensive dus
to the large and expanding market. R&D efforts are pri-
manly focused on increasing efficiency and/or redocing,
emissions (primarily NOy). Al mapor manufacturers of
gas turbines 20 MW, and larger mow have combusiors
available or on the drawing board for MO, emissions
below 30 mg/MI for nanural gas without external cleaning,



or sheamfwater injection. Increased turbine inlet tempers-
tre 15 the moun alemative for increasing the efficiancy
R&D 15 therefore focused on advanced cooling of turbine
blades and matenals tha! can sustain turbine tallel tempera-
mures of 1200 o 1400°C  Efficiencies above 409 are now
attmned by commercial aerodervative gas furbines, wath
the latest industnial gac turbines having typecal efficiencies
of 37-38%
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Figure 3.1 Schematic for gas turtine CHP

311 Performance
Eleciric and Thermal Efficiency

Az noted sbove, in presentation of turbine performance
data throughout this chapter, reference 1= made w 150
conditions, which are. 15°C ouwldoor temperature, 60%
relative humadaty and 1003 mbar barometnc pressure
Pressure drops in the intake and in the cuiles were each
assumed 1o be 10 mbar Figure 3.0 summanzes the
electric and thermal efficiency of a representative gas
turkine under 150 conditions Az with other Sankey
diagrams presenied in this chapter, Figure 3.2 is based on
heat recovery at 10075%C supply/return

Losses 13% Q

5%

Fual
100

Elaclist pawvar
5%

)

Figure 1.2 Sankey diagmam [LHV) for CHP with gas
trbine (size range 20 MW

Electric efficiencies of a vanety of gas turbines, st 150
conditions, are shown in Figure 3.3 Efficiency |5 genier-
ally higher in the larger turbines, ranging from 25% for
very small turbines (1-2 MWa) o 35-30% for larger

12

turbenes {20 MW, and up). Efficiencies in the 20-40 MW,
imtarval are relatively high because many asroderivative
gas mrbines, which gensrally have lngher efficiencies, e
available 1n that size range.
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Figure 3.3 _Gas turbine efficiency (LHV) at |50
conditions 1

Figure 3.4 illustrates the umpact of vanabons in the
temperaiure of iniake ar on the power awfpul of a vansty
of pas furines, expressed ns o percent of the owtput &t the
SO outdoor temperanure condition (15%C)  Although
there are significant vanations between wnis, for most
turbines power output increases by about 10% for every 15

*C drop m outdoor temperature, and conversely outpul
decreases by about 1084 for svery 15°C increase in culdoar
iemparaiure.  Extremes ambaent iemperature/porwer cutpat
behavions cam be found for some gas turbines, a2 dhivan in
Figure 3.4 The extreme values ase usually associted
with asroderivative gas turbines  Onginally degsigned for
other purposss, asroderivatives can have “bonlenscks™ tha
ars normally not found in industrial gas turbines.

[ri an economic evalustion af a CHP plam it is imyportmnt 1o
congider performance af different ambisnl tempermures
depending on the climate conditions dunng which elecinc
power is most valushle Power output can be boosted by
chilting inlet air, either cosling directly on a baseload bhasis
or indirectly through a thermal Dorage syaem

A5

Porevar output | % of IS0

Chtdont mmpsrature ()

Figure 3.4 mmw% differend outdoos
temparatures for selected gas furbsnes




Figure 3.5 illustrates the impact of vananons m the
iemperature of intake air on the eficiency of conversion of
fuzl to electneity. Az with the power ouipuf the
relationship betwesn cutdoor temperature and efficiency
somewhat smaller A representative impact, based on the
data in Figure 3.5, iz a 1% drop in elecine efficiency for
every 15°C increase in intake air iemperature

Figure 3.6 illustraies the range of exhaust gas tem-
peratures of 150 conditions for wvanows gas turbines,
plotted according 1o faciliny size  Most equipmeni falls
inte the range of 450-550°C. This range of values will be
used in later comparative analysis of gas turbine equip-
ment.  As discussed further below, the exhaust temperature
has an impact on the heat recovery efficiency, especially if
higher pressure'higher iemperature steam is recovensd.
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Figure 3.6 Gas twrbine exhaust temperature at 150
conditions 31

The electne efficiency of gas turbines can be increasad by
imcresing the turbine inlet temperature andor by increas-
ing the pressure o,  Generally, a higher pressure ratio
results in @ lower exhaust temperature.  However, hower
exhanus! temperatures also reduce the potential for thermal
recovery, therchy decreasing total energy  efficiency
Higher electric eMciencies in ga8 furbine combined cyvcles
can be obiained for urbines which have higher exhaust
temperatures in simple cyele mode

13

Figure 3.7 illustrates the relagonship between exhaust gas
lemperature and miake ar tempersiune for a varety of gas
murbines. The exhaust gas temperaiure dacreases by about
0.5-1.0°C per 1°C drop in the temperature of the intake
(outdoar) adr  Although the cutdoor temperature has a
relatively small impact on the exhaust gas temperature,
vanations in the temperature of intake air must be
considered in designing the heat recovery bodler

Figure 3.8 illustrates gas turbine electric efficiency as a
function of load a1 150 condinons  For economdc opiimis
zation, it 15 cratecal that plants be sized to maintun a high
wti hzsthion.
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Figure 3.7 Gas furbine exhaust temperature al different
cutdoor temperatures for selected gas turhines 32
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Figure 3.9 llusirmes exhansi gas lemperafures & 2
function of load at 150 conditions for a varety of gas
turbanes.  Significant drops in temperature occur as load i1s
decreased Higher exhaust can be maniumed
M pant load through the use of vanable nozzles for indet
asr, This is illustrated by the dashed lines. showang. for a
particular gos turbine, the improved performance in the
upper line (with variable norzles) compared 1o the lower
Lime {same mrbins without varinhle noeeles)



¥ B E B R EE

a o Ll ™ 168
iead (W)

Figure J-i! Exhaust gas temperates for different gas

turbines +2

Figure 3.10 illostrates the recovery of heat from a mmple
cvele gas turbing. The horzontal axis s the peroeniage
pransfer of the energy contaned in the exhauwsl gas  The
vertical axis 15 the t=mperature of the exhaust gas (two
soled lines. for 450°C and 530°C) and ihe temperamuire of
the recoverad hot water (dashed line)  The exhawn g
enters the heat recovery bodler, where it transfers heat 1o
the district energy loop returning a1 75%C and exiting the
heat recovery bodler at 100°C.  The “pinch pomnt.” or
lowest temperature difference, of 10°C occurs at the poim
where the temperature of the exhaust gas has been reduced
o 85%C and the inooming district energy water is 75°C
(The pinch point will vary based on facility-specific conda-
tions, howsver, the 10°C pinch poinl assumed here i3 a
reasonable generalized assumption )

The heat recovery efficiency can be calculasd by following
the exhaust gas lines down 1o the temperature of the intake
air o the gas turbine, e, 15°C a1 IS0 condinons.  ‘The
amount of unrecoversd encrgy (shown as pegative energy
transfer) is indicated on the horzonial axs by ithe interval
berwesn zem energy transfer and the pomnt of iniersscnon
of this Ine-and horizontal axts. This interval is about 20%
ifor 450°C exhaust gas) and 15% (for 530°C exhaust gas)
The elficiency can then be calculated by dividing The total
hea wransferred (100%) by the sum of the toml hem
transfer (100%) and the energy loss, resulting in heat
recovery efficiencies of 84% (for 450°C) and 86% (for 530
*Ci
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Figure 3.10 Heal recavery with hot water 100750
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Figure 3.11 illustrates the beat trangfer of 170°C/8 bas
gleam s recovered instead of 100°C hot waisr  (This heat
recovery temperaiure 15 used in this repor as representa-

tive for doving, for two-stage absorption chillers, although
it is possible 10 drive such chillers with higher or lower

temperniue thermal energy.)  In this case, the beat
recovery efficiency vanes between 7% and 73% depend-
ing on exhausi gas emperature. The exhaust gas enters
thie heat recovery boder, whirne it irancfers heat o steam (ai
170°C in the hot end) and condensie (returmng a1 100°C
in the cold end), and exits the heat recovery boiler ag 130-
140°C, In this case, the “pinch point” occurs ol the end of
the sconomizer The exhius gas lempersiure s more
critical if hagher lemperature steam 15 used in the heat
recovery boiler compared 10 hot water heat recovery

Figure 3.11 Heat recovery with steam 170°CHE bar

Pani-load performance for o representative gas turbine with
heat recovery bailer 15 shown in Figure 3,12 The elecinc
efficiency part-load performance is the same whether hot
waier | 100VT5CH or sisam (1T0"C/E bar for Two-stage
absarpion challers) 15 recovered, but the overall efficiency
differs.  With recovery of 170°C/'S bar steam. overall
efficizncy i lower ot 100% load and decreases faster ot
lower loads dus o the more sagnificant impact of lowes

exhaug temperatures

Figure .12 and the ssocated calculahions were mude
based an the following assumptions

s 35% clectnc efficency @ 150 base  load
conditions

®  530°C exhanst temperature & base  foad

conditions

07% generator efficiency

97.5% gearbox efficiency

2 5% heat/gas losses and boller blowdown

15 mbar backpressure from the heal recovery

bailer

= Fepresentpivve values from previous figures fos
part load and cutdoor iemperature characterstics

= The back pressure from the heat recovery botler
will decrease the performance of the gas turbine,
with electric efficiency reduced by 0, 7% for every
10 mbar hack pressure
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Figure 3.12 Par load efficiency (LHV] for gas turbine
CHP with hot water heat recovery (100/75°C) and with
steam heal recovery (170°CIE bar)

Figure 313 illustrates representative gas turbine CHP

efficiency at different cutdoor temperatures  Although
elecine output increases with lower outdoor temperatures

fabout 3% per 15°C) overall efficiency dechnes (about
I 3% por 15°C) due to declimng exhast gos temperatures.
Electne efficiency is equal for both hoi water { 100V75%C)
and steam (1 70°C/E bar) beat recovery. Owverall efficiency
ot 100%% load i lower for steam recovery compared to hot

water recovery, bul as temperature declines, efficiency
declines of the same rate as with hot water recovery
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Figure 3.13 Gas turbine CHP efficiency [LHV) at different
outdoor temperatures with hol water heal recovery (10075

"C) and with steam heat recovery (170°C/8 bar)

Frgure 3.14 shows the electne and wotal efficiencies as a
function of heat recovery lemperature. The elecinc
efficiency s unchanged regardless of distnct heat supply
tempersiure &5 long the bockpressure from the hem
mecovery badler 15 assumed to be equal regardless of the
heat recovery temperature (10°C pinch point used for all
tempermutes).  Heal recovery wp to 100°C heat supply
temiperature i5 based on hot water with a 25°C emperature
increase in the heat recovery boiler, Abowe 120°C, satu-
rated steam with a condensate return temperature of 100°C
5 asumed

Although the total efficiency decrcases with increasing
heat supply temperature, it is important 1o note that if there
is & use for lower temperature hot water, an additional hot
water heat recovery boiler can be installed to raise the total
efficiency up lo the same level achigvable when recoverning
only hot water
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Figure 3,14 EMciency (LHV) for a generalized gas turbine
CHP at different heal supply temperatures

333  Emissions

The main smvironmental concern regarding gas furbanss 1L
the nitrogen ccides (NO, ) emismon  Gas turbine plasts
can reach WO, emissions below 50 mg/MU without any
external flue pas cleaning Low NO, emussions were
previously achieved by injecting steam or water 1mo the
combustion chamber, which decreases the efficiency and
increasss the operating cost.  Most manufacturers of larger
(= 20 MW,) gas turbines can now meet emission limils
with dry low-N0y, combustors.

Carbon dioxide emissions, also a concern for fue! combus-
tion facilities, are relsed directly to the amoumt of fuel
burned. Mamural gas combuastion results in CO2 emussions
of about 56 M) of gas bumed, although this can vary
somewhal depending on the chemical properties of the
nagural gas

Emussions can vary based on the parmicular gas wrbine
equipment, fusls used and flue g clemmng equipment
Actual emissions for a facility can only be determined
based on facility-specific facters and are strongly affected
by regulatory requrements in effect ih 2 particular couniry
Table 3.1 summanzss generalized emispons from gas
turbine CHP, calculated per unit of fuel and per unit of
elactricity The calculations assume drylow NO,
combustion or steamfwater inpection but no selective
catalvtic reduction (SCR)



Low  High
Per unit of fuel {mg/M.Jd)
MO, 25 5
S0, 03 03
CO 15 50
HC 1] 0
Farticutates 1 1
Co; 56,000 56,000
Por unit of electricity (g/kWh,)
MO, 0.25 075
S0, 000 000
(K] 0.15 0.50
HC 0.00 000
Parculates Q.01 002
COy 570 sT0

Assumes. drylow NOx combustion of steam of waler
imjection, but withowl SCR

Table 3.1 Emissions from gas turbine CHP

334 Economics

Capital Cost

Equipment costs for gas mirbines are illustrated in Figure
3.15 according, 1o size Gas wrbine oosts ane exiremely
sensiiive io size, and range from over S600VEW, for very
sl twrbines (1=2 MW,) ta $300-500EW,, for mid-sized
turbanes (5-25 MW, to $200kW,, for large mrbines (over
100 MW, Total gas turbine CHP installed costs, includ-
g installsion, heat recovery bouler and building are
illustrared in Figure 3,16,
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Figure 3,15 l.'-u:l'! cosis fof gas turbine ondy, not
including installation -
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Figure 3.16 Capital costs for gas turbine CHP with heat
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Orperation and Maintenance Cost

Gas turbine operation and maintenance (O&M) costs
include: 1) menthly maintenance which can be accom-
plished without equipment shutdown. 2) pertodic mange-
nance (approximately every 4,000 hours of operation)
including borescope inspection for blade ercson and
checkout of foel systems, sensors and comirods, bemer
cleaming, and 1) mar overhan] at intervals of 30,006 o
40 000 hours Duffereni estimages of gas terbane QM
show o cost of about 025 centsk #9310 pora
CHP plant about 0.05 cents/kWh,, should be added for the
heat recovery boiler, based on an estimmed O8M com
equal 19 2% of the capital cont

Ag noted in Section 3.2, labor cost estimates ane based on
the astumpton thal CHP system labor represents an
incremental addition fo already-existing base staffing for a
distnict energy plant.  Addvironal staffing assumed for these
calculations is one day-time staf person for a smaller gas
turbine and one person per shift (1otal of 43 for a larger gas
turbine (25 MW, )

Owverall Economics

Figures 3,17 and 318 illustmie the overall economics of
gas turbine CHP. The total cost per kK'Wh of electnoty is
calculated as a function of the value of recovered thermal
energy, based oo foel cosis of 0.0, 1.0 and 2.0 centekWh
and equivalent full load hours (EFLH) of 2300, 3000 and
E000 hours per vear, EFLH expresses the facility unilizs-
tion as & ratio of the wotal annual production divided by
fmcility outpul at rated capacity. Other key assumptions are
sumimaresd in Table 3.2
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A Size (MW,) 5 25
B Capital cost [S5W 1000 B00
c Fieal interest rate (%) 8 8
5] Capitalization peniod

(years) 15 15
E Capstal recovery facte 01168 0.1168
F O &M costs

(cents/kWWh, | 0.30 0.30
G Labor ($/year at

£50,000/person) 50,000 200,000
H Fuel price

(cents/kivh fued) Oto2 Qo2
J Equivalent Full Load

Houars 2500-8000  FS00-B000
K Electric efficiency 3% 5%
L Thermal efficiency 55% 53%
U] Crveral| efficiency BE% B8%
M Value of heat

(cents/kVhg. | Ota3 Oto3

Formulas: Eleciric price (cents/kWh) =

(B x E x 100) + [(G x 1000AN 1000) « [F x J] + [H x J/K] -
[N = ST

Capital recovery factor (B} = [Cx{1+CIP/[(1+C1P- 1)

Table 3.2 Assumptions for cost calculations in Figures
317 mnd 318

34 RECIFROCATING ENGINES

341  Description of Technology

Two oypes of recprocating engings ane common for CHP
usags ofto engines and diesel engines. These types ame
primanky defined by the method of gnition, not by the
fusls used Combustion in the otio engine 15 initiated
through spark jgmition and the engine works with a mod-
erate pressure 1o avond self-ignition and knockang, I the
dizsel engine the compression is lagh enough that the foel
sproyed into the engine sell’ -ignites. The fsel in gither
fype of engine may be liquid or gaseous

The diesel engine 1s dominant in sizes above 1-2 MW,
Eoth the dizsel engine and the otto engine can be found in
a number of different apphcations and designs, including 4
and 2 stroke, with | to 20 cylinders. Turbochargers are
cormunon on both oo engines and dhessl engines o
increase the efficiency and power outpul. Dhesel engines
are available in sizes up o 30 MW, Okic engines are
usually hmited fo below I MW, although some manu-
facturers are developing larger {5-10 MW,) ofto engines
because 1f i increzsingly difficult 1o mest nitrogen oxde
emussion limits with diesel engines without expensive
caalvtic converters. These engines are sometimes callad

“spark-ignited diesel engines™ or “gas engines.”

Reciprocating, enging CHP is illustrated in Figure 3.19 and
can be briefly deseribed ag fallows

s A penerator attached 1o the engine shafl generates
electricity

s  Heat 15 recoversd when the hol exhaust gas. with
s temmperature around 330-450%C i3 cooled 10 a
heat recovery botler

»  Hemt can also be recovered from the engine cool-
ing water (at about 9*C) and ol lubrication svs-
tem iat aboat S0°C)

# In addition, heat can be recoversd from the turbo-
charger and wiercooler  Indercooler recoven
iemperatures can vary. boy 50°C is representative
fior one-stage intercoclers and 30°C and WEC e
representaiive for two-stage inlercoolers

|
|| Heal recovary Rscaprocatmg

Brtilae L L
Exhaizat gas
Jacket Od intar
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Figure 219 Bchemafic for reciprocating engine CHP

Multiple-stape miercoolers as well as exhais] gas turbines
producing, additional electnicity can be used for lasper
engines if economecal A mulb-stage imtercooler prosades
the possibility of making some of the heat rejected from the
cooling of compressed air avaulable at a higher and more
usable temperature. An exhaust gas rurbine converts soms
of the high temperature “waste” heat 1o slectricity.  Many
variations ane possible for the design of specific squipment

Both gaseous and hauid fuels can be used n reciprocatimg
engines. However, fuel ignition in diesel engines presents
A challenge when using natural gas (with an ygninon 1em-
peratre of about 650°C as opposed 1o about 250°C for fuel
aily, Cooversion of reciprocaling engines (o use faseous
fuels iz achieved in Two Ways

I, Infection of ail av a “pilol fuel,” wsing abour 5%
ol af full Tood and wp fo el TG af part leads
This can be achieved by mixing air wath gas fusl
outside the engine However, in modern lurger
dizsel engines convensd o gas combustion (he
g fuel is compressed in an external compressor
up to a pressure of abowt 250 bar The com-
pressed gas is then injected into the engine, where



air already has been compressed, just befare 1he
igmtion point.  With this method, the power cut-
put is usually not affected by conversion 1o gase-
ous fuals, and the engine can be switched between
gaseous and Hquid fuels

(=3

Corversion to spark ignitton jolto emgine) in
combingtion with “lean burn” (high air fuel ratio)
destgns. This 15 generally the approach taken
with smaller (under 6 MW,) engines, although
R&D is continuing 1o increise the size of engines
cmploving this approach due 10 its environmental
beniefits. Ome disadvaniage is the lack of ability
to switch fuels. This modified éngine has a higher
compression ralio than a normal ofto engine but
low enough not to salf-ignite The electric offi-
oiency of this modifisd engine 15 higher than a
conventional obto engines

Since the beginning, of 1970s, imensive diesel engine R&D
has been performed, especially regarding diesel engines for
ships due to rapidly increasing oil prices during that time
Dunng the 19705 and 19805 the efficiency was increased
from 40% to over 50% for the most efficient two-stroke
engnes.  Substantial increases in efficiency are not
expected in the near future  Insead, R&D 15 concentraiad
on reducing emissions and malntenance requirements and,
1o & besser extent, use of aliernative fusls

342 Performance
Electric and Thermal Efficiency

Elecinc efficiencies for diesel engines are usually in the
rangg of 40-45% (LHV) Efficiencies over 50% can be
achieved with slow-speed two-stroke engines.  However,
Usese engines are larger in size (about 15 MW, and above),
are expensive and have higher emissions relative to gas
turbines, with which they wall be competing in this size
range. The higher efficiency slow-spesd two-stroke engines
are not addressed in this report because gas turbines
(aample cycle or combined cycle) are usually a better choce
from the standpoints of both sconomy and emissions

For a CHP plant the ratio of electric output to thermal out-
put {sometimes called “alpha value®) wall be shightly above
10, and the total efficiency wall be about 0%, assuming
recovery of thermal energy a supply/return lemperatures

Total Engune

Castpast

Etectricity 406
Thermal

Exhaust gas 28.6

Jacket water 10.8

Charge alr 83

Lubticating ol 55

Radiation 53

Takal 100.0

of 100/73°C (see Figure 3.20) The dhessl engine has a

good pan-load performance, a5 shown in Figure 3.21 for a
representative diesel engine

Lossss 2 1'%
Hesl
8%

Fusl

100%
Elecinc powar
41

Figure 3.20 Sankey diagram (LHV) for CHP wath diesesl
engine (4 stroke, size range 5-15 MWg)
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Figure 3.21 Part load performance for a diesel engine
(size range 5-15 MW/g)

Table 33 summanzes the cutputs from a diesel engane
expressed ot 8 percentage of input fuel, assuming recovery
of 100/75°C heat If thermal energy down to 50°C can be
used, the total efficiency af 100% load can be increased 1o
Drte from about B0% (with the ratio of electnic and ther-
mal outputs decreasing from about 1.1 1o about 0.8} by also
recovering additional heat from the lubncating ol and Jow
temperature air chargs

Recoverable Recoverable
Energy [100/TSC § Energy {170°C)

0.6 406
236 18.8
0.8 0.0
33 0.0
0.0 0.0
0.0 0.0
Th5 S04

Table 3.3 Mﬂmmm-ﬂwmlm{m-ﬂmﬂMmemﬂihﬂ
T5"C hot water heat recovery temperature and 170°C (B bar) steam heat recovery =11



The electric efficiency & unchangad regardiess of hea
sipply emperaiure as long as the intzrcooler or jackes
wiler temperatures are nod radsed 1o accommaodate higher
heat supply temperatures. Heal recovery up to 100°C hem
supply temperature 15 based on hot water with a 23°C tam-
perature increase from the engine. Above 1 20°C, saturated
stzam with a condensate return temperature of 100°C is
assumed.  The total efficiency decreases with increasing
heat supply temperatures  However, it i imponant to note
that if there is a use for lower lemperature hod water, an
additronal bt wader heal recovery baller can be installed 1o
raige the 1otal efficiency up to the same Jevel as for hot
wier heat recovery only
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Figure 3.22 Efficiency for a diesel engine at different hset
supply temperatures

For oo engines the elecinc efficiency ranges from 30-
4%, with 33% a5 o representative value for engines up 1o
2 MW, a shown in Figure 323 A 1otal efficiency of
pround B5%, with an elecinc/ihermal outpul ratio i the
range of §.55-0 90, can be reached for a CHP offo enzine
assurung, 100773%C thermal energy recovery.  For lasger
ofte engines or lean-burn gas engines the performance s
similar to the pefformance for a diesel engine.  Wlle the
gross electne efficiency can be hagher for the dieszl engine,
this can be offset by the electne consumption for compress-
g gas to the required high pressure in sibuahans where &

low pressure gas pipeline supphes the fuel  Pan-load per-
formance of the oo enginé s comparable 1o the diesel

engine (et Frgure 3.24)
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Figure 3.23 Sankey diagram (LHV) for CHP with otto
engine {size range 1-2 Mg)
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Figure 3.24 Part load performance for an ofto engine (size
range -2 Iuhl'u'..}a""

343  Emissions

Emissions can vary based on the parmicular engine, fusls
used and flue gas cleaning equipment  Actual gmissions
for a facility can only be determined based on facility-spe-
cific factors and are strongly affected by regulatory
requirements in effect in a pariicular country

N0, emissions from reciprocating engines are relatively
high compared to other energy conversion equipsment. Fos
a diesel engine the MO, emissions are arowand 1000- 13500
mg MOy per MJ fuel without cleaning equipment.  Selec-
tive catalvtic reduction (SCR) is usually used, with a possi-
ble emission reduction around 90-23%  5CR is normally
nof usad for ono engines. Insiead, rwo other methods can
bz used 1) thres-way catalytic converers (non-selective
cataliytie reduction) with lambds control, and 3 lean-burm

Figure 3.25 ghows emissions of NO,, CO and HC as a
function of the lambda-value of excess ar ratio, be., the
ratio of the actual air/ffuel mixture compared to the stoi-
chiometric mrfuel mixture (the amount which s theoren-
cally required to combust the fuel) Standard otio engines
with thres-way catalytic converters are typecal for smaller
engines and ane operated at a lamibda value of 1 0 With-
oul the catalytic converter the emissions are hagh at that
air-to-fuel ratio With the catalytic converter the emissions
are lower compared to 8 lean-burn engine as long as the
converber functions

Lean burn is the typical appreach 10 most empnes A
lambda value of about 1.6 s used in lean-bum engines,
resulting i low NO, emissions. To further reduce the HC
and CO emissions an oxidation catalyiic converter can be
tepad

Dnesel engmines operafe af lambda values of abowt I3
Extrapolation from Figure 3.25 would imply that RO,
emissions would be low. However, due to the high com-
bustion temperature in the engine, doesel engine NO,
emissions are high unless SCR is used.

Emissions for basic types of reciprocating engine CHP
burning natural gas are summanzed in Table 3.4
Emisgions of sulfur dioxide (50,) are essenmally zero
when burning natural gas
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Figure 2.25% Emissions from ofte engines at different fusliair ratios

Per unit of fuel (mg/M.d)

NO,

S0,

co

HEC
Particulates
€O,

Per unit of electricity (g/kWh, )

NGO,

S0y

cCo

HC
Farticulates
Co;

12 1.4

1.8
Excess air ratio (lambda)

Standard Otio '
Lew  High
25 75
0.3 0.3
200 300
200 300
10 20
56000 56,000
0.30 0.85
0,00 0.00
2.25 3,40
225 340
0.10 0.25
825 825

' With three-way catalytic converter
* CO and HC emissions in lean bum engines can be reduced with oxidation converter
T \With selective catalytic reduction (SCR),

1.8 i
Lean Burn ®
Low  High
100 200

0.3 0.3
200 asg0
100 200

10 20
55,000 56,000
1.06 2108

oo 0,00
2.05 3,60
1.08 205
010 0.0
&76 T

Table 3.4. Emissions from reciprocating engine CHP burning natural gas =1

Diesel *
Low  High
50
03 03
50 150
=0 150
10 20
55000 56000
0.45
0.00 0.00
045 1.35
045 1.35
0.10 0.20
495 485



344 Economics

Capital Cosis

Capital costs for CHP planis based on reciprocaning
engines are shown in Figure 3.26 The values are based
on A vanety of sources and represend the tolal investment
for equipment and installation, including construction of
bulding spaces  The ihree highest investments aré based
on two-stroke dise] engines wath normally higher elecimc
efficiency and eléctnc/thernial output ratios

|

i

Caplsl ool (UEEE|
-
- 1

Eaw (MA)
Figure 3.28 I tadled 'EE?.I for reciprocating
engines with heat recovery m
Operation and Maintenance Cost

The operation and mainienance cost for reciprocating
engines inchades ol consumption (about | g%Whe), ol
changes, replacement of componenis such as filiers, ga-
keis and spark plugs, and major overhaals o1 an interval of
apprescimately S0 0 bours. For small otto engines, below
| AW, the operation and maimtenance cost 15 in the rangs
of 1.0-2.0 cenisk'Whe, and for larger otio and diesel
engines 03510 cent'k With SCR. 02505
HHUEW]EM'#[HM. =7, 311, 312, 3-13

The smaller ofto engime 15 assumed to be operated mainly
through remote momtonng and contral, with additional
operational staffing of 50% of a full me equivalemt For a
larger diesel engine, wath an increased emphasis on reli-
able eleciric cutput likely, one person per shift is assumed
for additnonal staffing

Overall Econvmics

Figures 3.27 and 3238 illustruie the overall economics of
ofto engines and diesal engines, respectively  The total
cost per kWh of electnoity is calculaed as a function of the
value of recovered thermal energy, based on fuel costs of
0.0, 10 and 2.0 centskWh and equivalent full load hours
(EFLH) of 2500, 5000 and 8000 hours per year. Other key
assumplions, and the formula for the economic calculsiion,
re described in Table 3.5, As would be expected, the
larger and more efficient discel engine produces more
fwvorsble sconomics and is less sensitive 1o changes in fiel
price and utilizaion

Qtto Biesel

A Size (MW} 2 20
B Capital cost (S&W,) 1300 1100
c Real interest rate (%) 2! B
0} Capitalization period

(years) 15 15
E Capital recovery facter 01168 01168
F C &M eosts

[cents/KWWh,) 1.5 1.0
G Labor {Sysar at

$50, 000/ person) 25,000 200,000
H Fusl price

[centa/kVh fusl) 0m2 Ote 2
o Equivalent Full Load

Hours 2500-8000  2S00-G000
K Electric efficiency 359% 4158,
L Thermal efficiency 48% 8%
M Cwerall efficiency B4 o
M Value of haat

{cents/KVifig, | O3 Otod

Formulas: Electnc pnce (cents/kilh) =

{(B x E x 100) + [{G x 1D0GAN1000] « [F x J] + [H x JK] -
[N x JPORALID ¢

Capital recovery factor (E} = [Cx {1+ CP /(1 « )P - 1)

Table 3.5 Assumpbons for cost calculations in Figures
A27 and 3 .28

35  STEAM TURBINES

351  Description of Technology

Independent steam furbine power plants (Le,  stéam
turbines which are not just a component of a larger plant)
are avalable m szes ranging from 3 MW, o over 1000
MW, and are the most commaon type of power plant in use
worldwade  (As a component in a larger plant, steam
turbines are available in sizes of under 1 MW,.) One of
the strengths of this technology is the ability 1o use a wide
vanery of fuels, incloding solid fuels and waste materals
The basic elements of steam turbine CHP are illustrated in
Figure 3.29. and can be bnefly described as follows

- Fusl and air are combusted in a boiler, generarting
sizam. To increase the efficiency of the seam
turbine cycle the steam is normally superheated

- The steam exits the boiler and is direcied to the
steam turbine, where the steam expands through
the turbine, nurning the urbine blades which are
connecied to the elecinic panerator shaft

= Ina backpressure turbine, the steam is exhausied
to a heat exchanger where thermal energy w
transferred af a relsively low pressure to the
digirict heating loop or steam-driven challer

- If higher pressure steam is required, some steamm
s extracted throuph ports in the turbine pnor to
full expansson ot the turbine exhaust



Figure 3.43 illustrates the woal efficiency of a vanery of
combined cyele gas turbine configurations.  Thess calcula-
tions are based on the following assumptions:

o 35% elecine efficiency a1 150 base load con-
ditvons

= S530°C exhaust temperature at base load con-

datrons

97% generator efficiency

a7 5% pearbox efficiency

2.5% heat/gas losses and botler blowdown

15 mbar backpressure from beat recovery boiler

Representative values from previous figures for

part load and outdoor temperatire characienstcs

= The back pressure from the heat recovery boiler
will decrease the performance of the gas turbine,
with electric efficiency reduced by 0. 7% for every
10 mbar back pressure.

in condensing mode, the total efficiency 15 50%, with 35%
coninbuted by the gas twrbine and 13% by the steam
turbine. The electnic efficiency for a CHP plant decreases
from 45% to under 40% as the steam extraction iempera-
ture increases from 10VTSC ot wader 1o £ bar steam, as
shown in Figure 3,43

The overall efficiency of all of the CHP configurations are
7% 1of 1VTSSC hot wabter from a hot waster distncy
heating economizer can be used  With the temperature in
the sconomizer varving with the overall temperature for
the dafferent apphcations., ithe overall efficiency wall
decrease 1o about $2% when 3 bar steam 15 the only form
of thermal energy recovered, as ghown in Figure 3.44
Heat recovery can be increased if hot water vath 1empera-
uires below 100775°C can be used.  However, recovery of
additiomal heat in the sconomizer will increase the gas
turbine back pressure and decreass the slectne output. The
Mue gas temperature will also be lowersd 10 3 point whene
condenzation of sulfunc acd 15 & potennal concern

i

i Sulfur 15 usually added to natral gas i very small con-
pentratpons for leak detection purpases. |
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Figure 344 Gas trbine combined cycle CHP sfficiency
(LHV) at different heat supply temperatures (byvo-stage hot
water heating)

As shown in Table 3.9, the electinoity lost dus 1o hem
exiraction is similar to that which ocours i a steam
turbane CHP plant, and varies from 0.25 kW, per KWy,
with extraction of § bar steam down 10 013 kW, per kW,
with extraction for 10V75°C hot water, assuming no
economizer  |f an economizer can be wsed, slighly lower
values for logt electnety will result

Heat extraction Electnc Reduced sleciic aulput
pressuie and el ey kel
bemperature Sieam imciuding

b1 PO CHP GG 0.7 o24 024
2 b {200 CHP CC 433 17 0.1a
1TSE CHP G0 45.1 0.13 012

Table 1.9 Impact of extraction lemperatures on combened
cycle slectric efficiencies and culputs

Efficiency (LHV) (%)

cSBUABRBIREBE

r
L=
L=

& baari1 TOC
CHP CC
2 bar1 20C
CHF CC

| DSSE
CHP CC

100FTSC
CHRF CC

Figure 1,43 Gas turhine combined cycie efficiency at different extraction temperatures



36.13 Emissions

Generalized gas turbine combwned cycle emissions are
shown i Table 3.10. Emissions can vary based on the
pariicular gas furbane equipment, fuels used and flue gas
cleamng squpmen:.  Actoal emissions for a faciliny can
only be determined based on facility-specific factors and
are srrongly affected by regulatory requirements in effect in
o parmcular country

The emissons per umdl of fuel mpul are comparable for a
gas rbine sample cyvcle and a gas turbine combined cycle.
However, the combngd cvcle wall have lower emissions
per unit of electricny dus to the higher elecinc efficiency

100 - . | :
| !
Hum L. ....|. t |
1000 ‘ e
800 s - NIl
i . | i :_:_ P e
3 p & CHP CC
E 400 +— ot LU Ly
saadf Loildl | RIEIME F (LS
o
1 10 100 1000
Sitn (e
Figure 3.45 lﬂlﬂhﬁT‘U#ﬂlfﬁ EUrBine Coambered
:ydl-DHPph'n:H. 35, 38 AT 38 310
Operation and Mainlenance Cost

Estimates of O&M costs for condensing combined cycle
CHF indicate a 1otal per k'Wh, of sboul mwice that of & g
turbine simple cycle, or 055 centskWh,, -4 3-9.3-10

Low  High

Per unit of fuel (mg/8iJ)

MG, 25 5
50 0.3 03
co i2.5 sh
HC o i}
FPartculaies 1 1
Tl 58,000 56000
Per unit of electricity (g/ikvh,)

NO, 020 D55
B0 00) D00
co 01d 035
HC 000 0.00
Partculaies 0.0 001
Co, 400 400

Agsumes either drydow NOx combustion; or steam or wai

imjection but without SCR

Staffing costs were based on the follosang assumphions for

additional stafT for the twe different sizes of CHP plants

Tabke 3180 Representative emissions from pas turbeine
combined cycle CHP

36.1.4 Economics
Capital Cost

Figure 345 illustrates the insialled capital cost for gas
turbine combined cycle CHP and condensing plants. Costs
for condensing combined cycle plants would be approxi-
mstely 1% lower, based on the powsr output dersiz which
cocurs when shifting from condensing fo extraction of 100
“C hot water. However, as with steam turbine plante, there
is no significant difference in capital cost shown in the
figure between the condensing plants and the CHP plants,
which could be explained by the relatively large influence
of site-spectfic conditions.

15 MW, 50 MW,
Control ropm 1 per shift 2 per shuft
4 ol {8 total)
Misc I day shift 3 day shift
{3 total} {3 total)y
Tokal workers 7 11

Owverall Economics

Figures 3.46 and 3.47 illustrate the overall economics of
combanad cyele gas urbing CHP.  The 1otal cost par kWh
of electricity s calculated as a function of the value of
recovered thermal energy, based on fuel costs of 00, 1.0
and 2.0 cents'k'Wh and equirvalent full losd hours (EFLH)
of 2500, 5000 and B000 hours per vear. Key assumplions
for the calculations are shown in Table 3.11
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Figure 347 Overall economscs for gas turbens combined cycls CHP (size rangs 50 M)
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25MWe 50 MWe

& Size (M) 25 50
B Capital cost (S, 1000 |00
[ Foeal interest rate (%) B B
o Capialmbon penkod

{years) 15 15
E Capital recovery factor 01168 01188
F O & M costs

[cents/kiWh,) 0.55 055
G Labor {$/year at

$50, 000/ persan 350,000 550,000
H Fual price

{certs/kVWh fued) Ow2 Ot 2
4 Equivalent Full Load

Huurs. Z2500-8000  2500-8000
K Electric efficiency 455 A58,
L Thermal efficiency 425 A2%,
M Crveradl efficiency BT ETH
M Value of heat

= Otod Diod

Formulas: Electtic price (cents/kWWh) =

({8 x E x 100) » [[G x 10QAY1000] + [F x 4] » [H x J/K] -
([N x JYLID 7

Capital recovery tactor (E} = [Ex (1 + P11 + &P - 1)

Table 3.11
3.46 and 3.47

Assumptions Tor cost calculatons in Figures

3.6.2  Reciprocating Engine Combined Cycle

It is possible, although unusunl, o generate pdditional
electricity in & steam turbine wath steam produced from
reciprocanng, engine exhaust gas  Combined cyeles are
much more common with gas turbines bécause

o« Gps turbines are avulable o larger sizes than
reciprocating engines and can therefore more fre-
quently support the economies of scale nesded for
the sddinon of 3 steam cycle

# Less hex iz available for steam generstion in
reciprocating engines compared 10 gt murbines.
The energy in the exhoen gas is only abow 300
of the energy input for a reciprocating enging
whilbe the exhaust gas energy for a gas turbine is
about 63% of the energy input

« The temperature af the exhasst gas 15 usually
lower (about 400°C) compared o the exhaust
tempemiure from o gas mrbine of (about S00°C),
With a lower exhaust gas temperature, the gener-
ated steam wall have a lower pressore and tem-
perafure, thereby reducing the steam cycle effi-
clency.

ELT

Gag witines have been extensively developed and mar-
keted for combined cycle applicanons, whereas diesel
engires have nol.  [n addinon, concems aboul emissions,
noise, mantenance and exira staffing requirements have
limited the number of diesel engines installed and may
thereby also hove contmbuted 1o the Lack of implemenation
of diesel combinad cveles

Because reciprocating engine combined cycles are uncom-
mon, heat from a reciprocaning engine 18 usually perceived
& Cwaste heat” unusable for additional | elscinic
generation,  Electnicity lost by producing higher pressure
steam for absorption chillers is thus often perceived as
zero. However, as discussed below, there s an argument
that reciprocating engine combined cycles can make sense
from both an economic and efficency standpont
Reciprocating, engine combined cvcles may be increasingly
used, partcularly as fuel and elecinoity pnees nse

To the extent that recoverable heat 15 viewed & a pofeniial
resource for additional electric generation rather than
simply “waste,” some of the same thermodynamic and
economic issues discussed relative to gas turbine comibnned
cycles can aleo be raised, such as whether it 15 more appro-
priate to generate chilled water with absorption as opposed
o using recovered heal 1o generade sleam for comibined
cvcle operation. Reciprocating engine combined cvcles ane
puggested by  vanous enpne  manufacturers, and
installations have been successfully implementsd =19



3.6.2.1 Description of technology

Simular to the gas wriene combiped cycle, a steam cycle
with a steam turbine, condenser and auxiliary equipment is
added to the simple ovcle reciprocating engine (se¢ Figure
3.48). Depending on the temperamure level in the heating
system, heat can be recovered from the intercooler, oil
cooler, jacket water, steam condenser and an exhaust gas
ecopomizer. In what order the jacket water, condenser and
ecconomuzer should be connectad o the symem depends on
the price of electnicity corpared to the price of heat

531 Performance

Electnic efficiency in the representative simple cyele diesel
enging depecied in Figure 3,20 was shown ag 41%, a
rounding of 40 5% For the hae case CHP conditions
(1MVTERC), the diesel enging combined cycle increases the
electric efficiency 1o 43%., providing an increase in electric
output of sbout 6% compared to fmple cycle elecinc
output.  The total eficency for this base case condition s
nearty 80%, as llostrated i Figure 3.49

Losses 21%
o i
J6%

Furel

100%
Elecinc powar
43%

Figure 3,49 Sankey diagram (LHV) for a diesel engine
combined cycle CHP (4 stroke, size range 515 MW)

With a diesa] combaned cycle in condensing mode, electnc
efficiency can reach +< 5%, a 10% increase in elecine
output compared 1o the simple cyele. (Assumptions for this
caloulanion included a steam cycle wath 11 bar 350°C nlet
conditions, 75% steam turbine efficiency and a condensing

temperature of 40°C. The 11 bar seam might result n
additsonal staffing requirements in some countnes, ),  This
increase in output i85 (lustrated in Figure 3,50 If || bar
saturabed steam (s used rather than 330°C superbeared
steam, elecine efficiency can be increased to 43 5%
compared to simple cvcle efficiency of 40.5%. Satwrared
steam squipmend @5 less costly and easer 1o operale
campared to superheated steam egquipment amd <an
therefore be a better option despite a 1% lower elecine
efficiency

With lower-temperature hemt (80/535°C) recovered for
district heating/cooling, total efficiency can reach %(f. As
the temperature recovered for district heating'cooling
increases, total efficiency drops sharpdy o aboul &0% ai
heat supply temperatures of 120°C and above, due 1o the
loss of the ability to recover beat from the jacker,
intercooler and oil, and the added electric output resulting
from combined cycle operation diminighes 1o nearly zere

The added steam fturbine elecine production can be
obtaned for a relatively low additional capitd cost
compared fo the cost per kW of smple oycle diess
capacity, &5 discussed below in Section 3.6.2.4.
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Figure J.48 Schemabc for a reciprocating engine combined cycle plant



Because the power from the steam furbine 1= relatively
small companed 0 the total output, the pan-load perform-
ance will be close to that of the simple cycle diesel engine
The exhaust gas from the diesel engine has & high oxygen
level (12-13% O4). so the gas could be used for additional
firing to tncrease the steam output.

3623 Emisgons

Emissions for reciprocating engine combined cycles will be
smilar o mmple oxle diesel enpines, as presented n
Table 3.4 and Section 3.4.3 However, because of the
higher elecine efficency (abour &% more elecincity
output), the specific emissons per unit of electric output
will be correspondingly lower

dnld Economics

A shown previcasly in Figure 3.26, installed capstal costs
for reciprocating, engines are abowt $1000-12000kWe for
larger engines and $1200- |4000kW s for smaller engines
I contrast, the votal installed cost off a small steam turbine
(including deseraor, eic.) 15 about $1000/KW,e Thus, i11s
potentially cost-effective, and more efficient, 1o purchase
addinonal electric generation capacity by using a recipro-
cating enguine fior 8 combined cyele, as opposad 1o investing
u addinonal conventional reciprocating engines

However, for the reasons discussed above, applications of
dresel combined cycles are rare  Economic analysis of
reciprocEing engines combimed cycle CHP 15 not presented
here due to the tack of applications datn.

363 Solid Fuel Combined Cycle
J6.3.1 Description of Technology

Presgunized Flundized Bed Combuostion (FFBC) and [nie-
grated Gasification Combined Cyele (IGOC) technologies
have been implemented to increase the efficiency of power
production from solid fusls through o combined cyvcle

The batc loyoul of a PFBC w cloge to a natural gos
combmed cycle (sce Figure 3.51) The main difference is
the combusior, which i a PFBC plant 15 substannaily
larger and 15 @ Mwdizsd bed boiler The gas turbing pro-
vicdes compressed ar fo the boer and, because of the
pressunization of the bosler (12-16 bar), the size can be
considerably smaller compared 1o what woald be requared
for a normal solid fuel bodler

Solid fuel 15 injecied into the boler and combustion takes
place in the fludized bed at a low 1zmperature (abow 2307
Ch The low combustion reduces  1he
formaton of MO, but is also essential to svosding ash
agglomeration. The bed is cooled by the sieam that is
distributed to the steam urbane.  Limestones or dolomice 18
imjected nio the bad io capiure milfur dunng combustion
Particulates from the hot flue pas are cleaned wath cvelones
before entering the gas wurbine  In addinon to supplying
the boilsr with compressed ar, the gas wrbine also
provedes about 25% of the electric output

Hagh presmns
sbREm Tters

Figure 3.51 Mm--ﬂdnﬂmﬂmmﬁd- CHP plant (PFBC)



Oniy 3-4 PFBC power plants have been bult 1o date, and
the 1echnology 1s still under development. PFBC plants are
compeling with ooal gasification for high techmical and
environmental performance utilizing coal. Because of the
limited market, the prce for a PFBC plant under
commercial conditions is uncertain. However, the technical
and emaronmentsl performance should make PFBC an
important future option for use of coal for distnict energy.

3.6.3.2 Performance
Electric and Thermal Dutpa

A higher electric efficiency as well a5 improved emissions
can be reached wath a PFBC compared to conventional
solid fuzl power plants. An electnic efficiency of 44-46%
LHV can be reached in condensing mode.  In CHP maode,
electne  efficiency can reach 34%. with an  overall
efficiency of §9% LHY. 320

Jo33 Emissions

The environmenial performance from existing PFBC
plamis s almost equivalent to gas-fired plants. The
absorpiion of sulfir in the bed can reduce the
amissions by over 95%. NO, emissions around 10 mg/M
have been obtained with ammonis injection and & small
catalviic aid in the flue gas duct. Mepsured levels of CO
and N+O are less than 200 pans per million by weight
(ppm) and 10 ppm, réspectively. With a textile baghouse,
the particulats emissions are around 2 mge/hd)

3.7 FUEL CELLS

A pumiber of new technologies are under developmem foo
advanced CHP, incleding supercotical siemm cycles,
vanfious iechoologies for pasficanion of coal andfor
biomass, and fuel cells. OF thess, the fusl cell is perhaps
of greatest imlerest dug 0 16 environmenal advanages.
For this reason, fuel cells will be briefly addressed here,
although not in the depdh of the CHP echnologies pre-
sentod earlier in this chapier,

A.7.1 Description of technology

Fuel cells peneraie eleciricity and heat through an electro-
chemical conversion process which has long been applied
tn auomobile batteries.  Chemical energy is converted o
clectricity when hydrogen is combined with oxygen o
make water. Hydrogen gas can be provided directly i the
fuel cell. The hydrogen can be extracied from anything
that coptains  bydmocarbons,  including  matural  gas,
homass, landfill pas, methangl, ethanol, methane and

Different types of fuel cells are mamed according o the
rype of medium uwsed o combing the hydrogen and
oxygen. Three types of fuel cells are waally considered
for CHP applications:

kL

» Phosphorous acid cells, now operanng in
vanous sites providing CHP.

s Molien carbonate  sysiems. now o the
demonsiranion phase for bascioad power,

s Solid oxide cells, with a small-scale unil mow
in the demonsiration phass,

Several other types of fuel cells are in use or being devel-
oped for vanous other applications:

e Alkaline — used in space applicanions since
the | 960s.

«  Prown exchange membranc - for ranspora-
oo and small-powsr applicanons.

Full-seale field =ss of molten carbomaie foel cells were
imigiated in 1994, and developers of this iechnology expect
it 1o reach commercial deployment by the e of he
(G090, 321

1.7.2 Peformance

Fuel cellz are highly efficient because they convert chemi-
cal energy directly into electricity without going through
an intermediate combustion step.  Towml efficiencies
exceeding B80% can be schieved when both beat and
electricity are used. Fuel cells efficiency is maintined
under a wide ratge of unit output. Electric efficiencies and
operating temperatures for the varoos ypes of fuel cells
are summarized in Table 3,12, +21

Electric Operating

Fuel Cell Type Efficiency (HHV]  Temperaturs
Phosphanous acid — 36-45% 200°C
Muolten carbonate  43-55% G50°C
Solid oxide 43-55%, 1000°C

Table 3.12 Fusel cell electric sfficiencies and oparating
temperatures, assuming natural gas fuel

3.7.3 Emissions

Virually no cmissions are produced in this process (zero
emissions if pure bydrogen is used),

3.7.4 Economics

Corrently, fuel cell CHP plams bave 3 capial cos of
about $3000/kW,. 22 Intensive R&D and governmeni-
sponsored commercialization programs are expected 10
bring prices down.



18 COMPARATIVE ANALYSIS OF CHP
TECHNOLOGIES

Choice of CHP technology 15 based on many case-gpecific
variables, including

e climate condstions, which affect the heating
peak demand and unbizabhon hours as well as
the operating performance of certam types of
equipment such as gas turbines,

e temperatures of the distnct heating supply

and refurn,

cost and availability of fuels.

walue of elecinicity,

value of disinct heat, and

environmental restrctions

The following comparative discussion of CHP technologies
and the refated discussion in Chapter 6 were  developed
with the above varables in mind

Unless otherwise indicated, the following comparisons
between technologies are bated on representative units
summarized in Table 3.13. The 20-25 MW, size range
was chosen becauss this range 15 likely 10 be applicable 10
many district heaning and cooling, situations, and because
all of the major technology vpes are available in this size
range.  Additional information on these representative
units may be found in the previous sections on each
technology type

Technolagy Type C-apacaty Fusl
(W)

Simpie cycle gas urbing 5 FMatural gas

Slmple cycle desel sngine 20 Matural gas

Combined cycie gas turbine 5 halural gas

Cambmed cycie diened engne 20 Maturai gas

| Steam turtene 5 Coal

Table 3.13 Umnit sizes and fuels used for compansons
A81 Unit Sizes

Fipure 351 summanzes the ranges of sizss of CHP
technologies.

= o enganeslean-bam engines are miost Common
i the range up to 2 MW, alihough larger (3-10
MW otio engines are bring developed becaues it
15 ncreasingly difficult 10 mest NO, emission
limits i diesel engines withoul expensive cata-
Iytic converters. Thus, the top end of the mange of
oito engines sizes 15 being pushed upward

=  [Hesel engines have historically besn the domi-
nant type of reciprocating engine in sizes sbove |
MW, Four stroke diesel engines are available in
the 5-20 MW, mngs, which & rélevant 1o many
district energy applications.  Although larger die-
sels (up to 50 MW,) are made, thess are expen-
give relotive (o the gas uibines

s (aas orbines are yvailable in sizes ranging from |
mmﬂ]!ﬂl‘-‘lw,._

o Sieam turbines are avalable in sizes from under 5
MW, to over 1000 MW,

(s F] Chppd G furtens  Sleam buftsha

Figure 152 Size ranges of CHP technologees

38 Efficiency

Figure 3,53 summarizes the glectne sfficiency and 1ol
efficiency {elscinc plus tharmal efficiency) fior & vanety of
CHP technologies in the 20-25 MW, range under the base
case assumption of 10VTS"C thermal energy recovery
The solid fissl-fired steam tuwrbing CHP plani has a high
total efficiency but also has the lowest electnc efficsency
{under 30%) The gas turbane, ecither simple oyele o
combined eyele, provides total efficiencies of about §7%,
compared o a total efficiancy of about 807G for diesel
engines, Electric efficiency in the gas turbine is the lowes
of the options (153%) with a simple cycle, but i5 signif-
canily increased (to 43%) with a combined oyche The
diese]l provides a higher simple cyels electnic efMiciency
compared o the gas twbine (41%) but shows less
mmprovement with & combined cycle, increasang to 43%

BOOW.
e
B,
s
i‘m

W W Ecis
10%
[

j 2 a i;
jHp "

Figure 3.83 Comparalive efficiencies of representative
CHP technologies (20-25 MW, 100/75°C thermal sup-
ply/return)



CHP technologies differ relative to the impact of variations
in heat recovery tempersture on efficiency.  These impacts
are illustrated in Figure 3,54 and can be summarced as
fiollows:

#  The thermal elficiency of simple cycles (gas
turbines aned reciprocating engines) decreases wath
mereasing hemt supply temperature, while 1he

In combined cycle diesel systems the electric
efficiency and 1odal efficiency also both decline with
increasing heat supply lemperature, but the electric
elficiency dechines less and the total efficiency
declines more than for combined cycle gas turbines

The elecine elficency of geam urbines decreases
with increasing heat supply temperature while the

elecinic efficiency is consiant. tote] efficiency remains constani.
= For combined cvele gas twrbines both the elecine
efficiency and  folal efficiency  decline  with
increasing heat supply lemperature
o0 i i |
L ! =t | i t \ —
o Do o o e ] e —as harbine sleckric efficiency
| = - - - - |
80 I I L | i 5
’ h == G hebine total eficency
70 !
(u

Eficiancy ()
&
|
1
—

= Diousl eleciric efficioncy

= ™ [Hesel lotel effchency |
—=Btoam kihine alectic slcency
= = EBisaen brtine lotsl eficency

Gas wbine CC slecinc eficsncy

Gars wrbsine CF total afcency J

40 60 B 100 120 140
Haat gupply tempershure (C)

160 180

00

Figure 3.54 CHP sfficsencies 81 dilarent heal supply lamperaiunns
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The par-load efficiencies of the CHP technologies are part-load performance, data for the 65-100% mnge indicate
compared m Figure 3,535 The chart was developed based oo particular advaniage for diesels  Dana for gas turbines

on manufacturers’ data, including guaranteed performance show a drop of about 10% in both electric and total
datn. Although diesel engines have a reputation for superor efficiency as load drops from 10074 1o 25%
100 - -
|
B0
R
0 {— o
g ® |
E ag —Diesd enge
[T & —Ciwam lurbine
L]
20
o
1]
20 pil 40 50 &0 T B 80 106

Elnciric boad (%)

Figure J.55 Comparatve part-ioad effickencies of CHP technologlas



One other performance parmeler désérves nole the mpact
of ambient temperniure on the elficiency and outpil of jas
turbimes AL higher outdoor temperatures, when cooling
demnnd will be highest, efficiency and cutput decline. At 30
°C, oadpad is 1% lower than m 150 conditions {15°C) and
efficiency is about 1% lower.  The drop in power output of
pas iurbines 1 high ambient teemperatures should be kepd in
mingdl in the techmecal and  economic  evaluaion  of
alternatives

J3A83 Emissions

Figure 3.56 compares CHP emissions per kKWh, surmma-
rizifig the bow end of the ranges previously presemted.  As
noted phove, emissions can vary significently depending on
the specific fechnolegy configursbon Not serpnsingly, gas

turbane (=mple of combined cycle) technologies provade the
bowest eérmissions, excepl for the potential, which must be
analyred on 3 case-specific bazis, o provide low net CO»
emisions when buming biomass in steam lurbine CHP
planis {see footnote for Table 3.7)  However, ke coal,
bivamass resulis i relatively high CO emissions

354 Ecanamics

Figure 3,57 illustrates the comparative capital co=s of
wvanous. types of CHP technologees, incheding installatson,
buiking and auxilianes.  While there is some "scatter” 1o
these datn, generalizations can be made, &s summarized in
Table 3,14
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Figure 3.56 Comparison of repressniative amssions par fobsl kWhy, for differant CHP technologees,
uging Iowees! vakees from estimated range of emissions previowsly presenied
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Figure 3.57 Comparatve insioled capital cogts of CHP techhologias
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SIZE RANGE (MWl

I 5 5- 500 50 - 150| 1000 - 150
Simplo cyche gas turbine 000 - 900 1000 - 7OO| 1000 - 500
Combined cycle gas turbine | 1400 - 1000| 1000 - 700| VOO - 600
Simpld cyche dinsal 1400 - 1 1200 - 1000 o
Sobd fuel steam turbine E 3000 - 1000| 2200 - 1400 1800 - 1200
Gasiod steam furtsne 1800 - 1200 S

Table 3.14 Summary of installed capial costs of CHP technologies (SAWy)

Most notable, particularty for the 5-50 MW, sizc range that
is fregquently appbcable in CHP district heating and cooling,
is the spnificantly higher capital cost for seam turbine
facilipies. Solid fuel-fired steam turbine planis in this size
range are over twice (and in some cases nearly three tmes)
ithe cagatal cost of gas frkene (ecilies  Giasfodl fined steam
tuitane planis are considerably bess expensnve, costing aboud
half' the cost of the solid fael fred steam tushine facilities

The impact of the higher capital costs for sobid fuel-fired
seam iurbipe plants can be seen i Figare 358, which
iltstrates the component costs of the CHI* rechnologies i
the 2ik-25 MW, mnge, under o consastenl assumption of 1.0
cema®Wh  fuel cost and 20 centsTWhyy, thermal value

The compoment costs are shown for 2500, SO0 and B0
Equavabent Full Load Hours {(EFLH). Note thal the net cosi
is derved by subtracting the thermal credit from the total of
the comypment costs

18

Thi figure shows the significant impact of utifizstion on the
cosl ol produced electneity. AL bow levels of wiliration
{2500 EFLH), capital is the most significant cost, with fuel
the next most significant cost.  This relationship is reversed
#s utilization is increased to baseload (2000 EFLH) levels
Labor 15 an  nsgmficant cost, and pon-fuel operation and
maintenance costs ane felatively minos

Figure 3,58 compares costs al stalic assummptions reganding
fised cost and the valwe of beat.  Although solid fisel-fired
steam turbine plants kave a high capifal oos, this b partly
compensated by the ability 10 use lower-cost Fueis  The
corit-eflectiveness of vanous CHP technologies depends o
fued costs, the value of thermal energy and many other site-
specific factors.  Figures 3.59, 160 and 361 compare the
total costs of CHP technologies in the 20-25 MW, mnge
(expressed as cost per kWh of electricity produced) at a
range of fisel costs and & range of thermal values, for 2500,
5000 and K000 EFLH, respectively
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Figure 3.58 Comparaiive component oosis of CHP technologies a1 various EFLH, size range 20-25 MW,
fuel cost 1.0 cemskWh and themal value 2.0 centskWhy,;



The following discussion summarises resulis under the
conditions assimed in the previous calculntions  However,
different conchisions could reslt depending on case-specific

Cifcunmstahoes.

Under the stated assumptions, simpls ovcle gas turbines
provide the lowest cost technology a1 & utilization of 2500
EFLH. throughout the ranges of fiel costs and thermal
vilpes, o illustrated i Figure 3,59, AL a fuel cost of 2.0
centakWh and rero value for thermal energy, simple cycle
and combined cycle pas turbdnes are equal i cost, but as
thermal  value increases the smpde cycle oblaima  an
increasing cosl advaniage  The dicsel enpine is somewhat
more expensave than the gas turbine combined cycle by 0%
centkWh, (at rero thermal value) to about 1.0 cent/hWh,
fat 3.0 centskWhyy, thermal vabue) A1 this level of
ulilezation, the steam turbine plant s signaficantly more
expensive than any of the altematives

Al 5000 EFLH (see Figure 3600, the simple cycle and
combined cycle gas turbines are equivalent in cost at o fucl
cost of 1 0 cent/kWh and zero value for thermal energy, but
again, a8 thermal value increases the ample cycle obtuins an
increasing cosl advaniage. However, 3t 2.0 centakWh fuel,
the combined evele i3 lower cost at thermal values under | 0
cent/kWhyy, Dhesel engines and gas urbines are equivalent
m ocosi & oa feed cost of 20 ceniek'Wh and rero ihermal
valise

Soll fuel-fired steam turbine plants are still relavely
expensnve @1 this bevel of unhzation bt some feasible
scenanns emerge 15 the solwd foel has a zero cost {eg,
possible with municipal solid waste) and the fisef cost for the

olher alternatives is 1.0 contkWh, the stcam turbine cost
becomes lower than the diesel, gas turbine combined cvele
and gas turbine simple cycle at thermal values of 0.7, 1.2
ared 1.8 centa®kWhyy, thermal vabee, respectively.  The solid
fuel-fived steam turbine has a lower oo than any af the
plternativies, st any thermal value, if the solid fuel has zevo
cosl and the fuel for the other altematives s about 1.5
cents/kWh or greater. At 1.0 cent/kWh fuel cost for solid
fuel and 2.0 centskWh fuel cost for the altermatives, the
stenm turbine cost becomes bower than the diesel, gas
wrbime combined cycle and gas furbine smple cvcle ot
thermal vabses of 1.5, 22 and 3.0 centskx'Whyp, thermal
value, respectively

At B0 EFLH (2o Figure J.61), the solid fisel-fired steam
turbine shows more signaficant potentinl advantages. At
rero cost of solid fisel, the steam turbine plant is less costly
than amy of the alicrmatives i the cos for fisel for those al-
ternatives is | 0 ceniwEWh or greater [T ihe solid fuel costs
1.0 cent&Wh and the fuel cost for the allematives is 20
cem=kWh, ithe steam turbine cosl becomes lower than the
smple cycle diesel or gas furbine at a heat value of 06
centakWhyy, and the combined cycle gas turbine a1 1.1
centsk'Whyy, heat value

Al this level of wiilization and at #ero thermal valie, the cos
advantage of the simple evele over the combined eyele gas
furlsine i at low heal values il the pnce of fuel =
over |0 centkWh  The combined cyvele shows a cost
sdvantage over the ample cycle if the fuel cost s 2.0
cents'kWh and the thermal value is under 1.5 centskWhy,

M0 -

Cost of sleciricity (contsih]

Valun of hoat [conts/kih)

Figure 3.59 Comparalive costs for CHP (schnolopees i 2500 EFLH
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Value of heat (contaii]

Figure 3.60 Comparative costs for CHP technologies at 5000 EFLH
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Chapter 4
Chiller Technologies

4.1 INTRODUCTION

This chapier descnibes and quantifies the efficiency,
refrigerant environmental impacts and economics of chiller
technologies  Following a discussion of key assumptions
in Section 4.2, Sections 4.3 - 4.5 focus on chiller 1ech-
nologies likely to be installed for central chilled weer
production. As discussed in Section 1.2, some approaches
1o district cooling are based om using o dusnict heating
system to distribute hot water or steam fo drive absorption
chullers locared i individual buildings |dispersed abworp-
nowt) of oo maltiple small chulled water production planis
(decerralized chilled warer plamis)  Because these
approaches ehiminate or sigmificantly reduce chulled water
distribution costs, assessment of their overall economics
requires consideration of distmbution cosis, which is be-
yond the scops of this report.  Therefore, hot water absorp-
tion chillers, which will most likely only be emploved in
distnet heating-based absorption schemes, are discussed
separely in Section 4.6

4.1 ASSUMPTIONS

All performance daia for the different chiller technologies
are presented at the following conditions wonless stated
otherwise:

o 67°C leaving chilled water temperature
= 19 55 gniering condenser water iemperatune

These values represent the conditions for which many
rurmbers for *C result from conversion from original data
in "F i However, chilled water temperatures lower than
6.7°C are frequently used m distnct cooling systems to
snsfy customer temperature demands and 0 minimize
pipe sizés in the distnbution network Condenser wider

temperatures will vary depending on ouldoor {emperature
conditiong and cooling tower dedign consdarahions

While different chilled water and condenser water design
temperaiunes will affect chiller perfarmance, vanations in
these parameters are nof shown in Sections 4.3 - 4.5 be-
cae fuch vanabons will oot substannally affect the
cowparanive efficiencies and economics of centralized
chiller plamt technologacs, partcularly in the comtext of
combining cooling with CHP.  Although the efficiencies
of absorption chillers driven wath higher temperatore
energy are relatively unaffecied by condenser waler
temperatures, efficiencies are significantly affected by the
condenser waler temperature of chillers are driven wath
lower temperature hol water or sieam Therefore, the
mmpact of varving condenser water temperatures for hot
wilter absorhers 15 addressed in Section 4.6,

Part load performance charactenstcs for central plant
chillers are provided for both a fived condenssr water

temperature of 29 5°C and according to the North Ameer-
ican slandard ARVIPVL (Air-Conditiorung & Refrigera-
tion  Institute/Integrated Pan-Load Value), whers the
condenses water temperature s decreased by | 4°C (2 5°F)
for every 10% decrease in chiller cutput +!

The economic calculutons gre based on chiller efficiencies
il guxiliary elecmic usage under peak condivons,  An-
ol performance will in most cases be lower than ihe
efficiency al peak condivons. At pan load conditons the
pwverall chiller effickency will be affected ot only by the
pan load performance of the chiller bast also by the auxil-
iary cleomic wsage for cvaporator and condemser waler
pumps, wihich is nomally fixed. While relatvely low &
peak condivions, the auxiliary equipment can add subsoan-
tialky oo the eleciricity consumption per wait of cooling
ourput during off-peak conditions

The annual mverage chiller performance including, auxilia-
ries will depend on design aspecis such as chiller sizng
refpive to peak and base loads and the mvailabiliy of
chilled water storage. and will be significantly affecied by
site-specific operution and muntenance facwors including
charge. Therefore, avernge annusl performance s
extremely difficult to quantify in a gensml way

Basing the sconomic caloulations on chiller performance
under peak conditions has conflicting impacts on the
relptive competitiveness of absorption chillers compared to
glectric cenfrifugals  Absorption chillers tend to have
better pani-load efficiencies, bul are less flexible opera-
tonally — they take longer to start up and shut down and
are slow 1o respond to changes in inlet water temperaure
Az noded above, under pant load conditions suxilianies can
add substantially to chiller electnic requarements. per unit of
cooling cutput  Because absorption chilkers require mone
hest mpection in the condenser loop, there iz a greater
detrimvental impact on overall efficiency dus to auxiliaries
under par-load conditions

In the economic analyses, operating labor costs are not
accounted for because labor cost differences between the
different chiller options would not be significant and be-
cause labor costs for cooling depend an the extent to which
the zamse labor pool can be wsed o opersle and mainixn
CHP, disinct hesting and distnict cooling,

Ag wath all economic calculations in this repor, challer
capital costs are amortized over 15 years.  However, as is
the case with CHP systems, the technical hifetumse af chilker
equipment may be different than this siendardized
mssumption.  For example, the American Society of
Heating. Refnigerating and Asr Conditoming Engiineers
(ASHRAE) considers the technical life of both electric
mﬁﬂuﬂmmmk}mmhﬂm""z



4.3 COMPRESSION CHILLERS
4.3.1 Description of Technology

The compression cooling cvele can be seen a5 3 reversad
stem cvele for power generation. Instead of gaining work,
work has 10 be added to lift the energy in the system from a
fower temperature fo o higher temperaure  Figure 4.1
illusirates & peneralized compression cooling cycle, whach
can be summarized as follows

e HRefrgerant ai low pressure and o 8 dry ssioraded
condition 15 compressed (0 a higher pressurne.

s  Due to the increased pressure, the refmgerant
vapod is condensed and releases hem 1o the
surroundings (condenser waler) al & constam
condensing temperature { 30-40°C)

= The refrigerant condensate is expanded through a
valve 10 a lower pressure

e Aj the lower pressure the wel refngerant vapor
picks up heat from the surroundings (evaporator
wilerh at a low lemperamre (005-100C), thersby
evaporating and returning w0 dry  sanraied
condations &l constan) emperatung

Leawing condentser water {30-400)
-

Loavng chilled water (0,5-10C)

Figure 4,1 Schematic of a compression cooling cycle

43.2 Compressor Drives

Reciprocating, screw of centrifugal dnives can be usad in
compession chillers Reciyprocating chillers ane availabls
in relatively small sizes junder 1.5 MW_) and have lower
COPs compared to other types of drives.  Screw campres-
gors are becoming more common and are available in szes
more suited to district cooling applications. [nferest
ECTEw CoMmpressors if grovang. particularly for use wath

ammonia as a refnigerant.  The screw compressor has o
high efficiency and 15 well swited for the high pressure
ratios of ammomnia, although meise 15 a potental problem
compared to centrifugal compressors. Whale the techmcal
and economic differences between centrifugal and screw
compressors should be evaluated on a project-specific
iz, the differences are not significant for the purposes of
thiz report.  This report will focus on the centrifugal ype
of compression chillers because they are avalabie i a
wide range of sires applicable to distnct cooding — from
less than 25 kW, for hermetic packaged units 1o 24 MW,
for open-drive umis 43

Due to therr easy operabion and low capital cost, glectnc
drives have been a widespread choice for dnving centrifu-
gal chillers. However, a vanety of dnves can be used in
centrifugal chullers.  Steam turbine drves are emyploved by
a mumber of district cooling systems in the U5 With
recemi incTeases in elecine prices and the availability of
relamively cheap natural gas dunng the summer, difedt
combusiion engine drives and gas turbane drives are also
being applied  Steam turbine dnves and combustion
engine drives ane somehmes promoted as providing redun-
dancy 10 case of power fmlure. However, even if the
challer j1s2lf s noi drven elscmmically, elecinicity © stll
requirad for the chiller, boaler and plant awalanss, and
ihe plani miust have iis own power source and frequency
conirol to be able to operate during a power failere, theretny
ackding to the imvestment cost

While the combustion engine has a higher efficiency than
the steam turbine, the steam turbine drive offers berwer
redundancy because i1 15 possible 1o fesd the chiller fram
more than one botler and therefore from multiple fusl
gources.  Reciprocating engaine of gas turbine  dnven
chillers are not further considersd 10 this repon because
they do not relate 1o integration of district cooding wath
CHP, whach is the focus of thas repon:

433 Performance

Table 4.1 summanzes energy consumpon for vanous
tvpes of electne drive chillers, including the challer and
nssociated auxilanss (SVAPOralor Waler pump, condenser
water pump and cooling itower fans) Table 4.2
summarizes energy consumpben for steam turbine dnve
centrifugal chillers, including the chiller and auxiliaries
The chiller steam morbine was assumed w be drven with
L1 bar (185°C) steam. The values in Tables 4.1 and 4.2
are hased on the following assumpions:

#  6.7°C leaving chillsd water temperamur: with a
8.3°C wemperanre difference

*  Water cooled condenser with a 29.5°C inbet
condenser water iemperamse and a 5.6°C
temperature difference

¢ 1.1 har condenser water pump bead and 0.8 bar
chilled water pump head
85% pump cificiency
0,011 kW kW gy cooling wower tan elecinc usage



Crifler fypn Contamption Totad COP
Chillier Aapiare
b | e | e
Fisciprotiang 0z = O 1] 308
Screw Gl - QA il e 4.5
Cantnfugal
- high efficiency o - Q18 oo 508
- maoderale officiency i - a3 & 48

Table 4.1 Eleciric drve centnfugal chiller and awuodkary
performance 43, 44

Chler Type Lo g J ot COF
— Chller | Ausianes
(iAknddNe) | (oA | DAERe)
[ Geam turene n-:n'LEI 1] ood .04

Table 4.2 mwmmmnw
asiuxiliary pedformance

Pari-loxd performance of electric centnfugal chillers
ichiller only — mo auxilianes) 13 illusaraed in Figare 4.2
These data indicate that with a constant condensar
temperature the elsctnoity consumpbion at 30% load s
4% of the consumption at 100% load, ie, the con-
sumption per unil of cooling outpal s 33% higher
However, wath wanable condenser (emperature the
performance is closer to linear, ie , the COP of the chiller
is nearly constant throughout the range of loads

Increasing electricity costs has been a drving force for
improving, electnc chiller efficiency and, as shown in
Table 4.1, centrnifugal chillers wath elecmoty consumption
{chiller only) as low as 0. 16 kWo/kW, (COP about 6.1) are
commercially avalable. While the efficiency of the
compressons cannol be improved much further, overall
efficiency can be improved by increasing or enhancing the
heat transfer surfaces, thereby lowenng the \emperatune
difference between the refmgerant and chilled'condenser
water, To increase cfficiency, some manufacturers are
using plate beat exchangers while others are enhancing the

standard tube heat exchangers
1 .
" - /
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t "".":: [« = = varasie |
P ol <5 i I W g
passec B
» 4 A TR
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18 | - ;' ot en
. |
L] m 40 ] #a 100
Consig capstly (%)
Figure 4.2 MWWM
for eleciric centrifugal chillers

4.34 Refriperants

In 1987, twenty thres countries signed the Moniresl Prodo-
cal on Substances That Depiete the Orone Layer. The

Protocol established schedules for curtaling and eventually
ceasing production and consumption of chlorfluorocar-
bons (CFCe) used as refngerants and for other purposss
because these compounds conein chlonne, which destroys
the nrone layer in the stratosphene,

The destmsction af stratosphenc opone 15 of senous imer-
nanional concern because chis layer protcos the cand from
barmiul wirsvioler radiation which can cause lealth and
environmental damage including increased incidence of
skin cancer, cataracis, suppression of the mmune sysicm,
dlmg:mcmps:nluﬂ:iimpmu-""ﬁ CFCs and somie
other refrigerants also o0t as “greenhouse gases.” e, they
trap heat entering a8 solar radisbion and prevent the heat
from escaping inio space == an isswe which 15 also the focus
of imtermational concern and point action

The phaseowr schedule was dpivensd @t the Sccond
Mectng of the Protocol Pamies beld in Lowdon in 19940,
and was again amended in 1992 im the Copenhagen Rew-
mons to the Montreal Protoool. Key provisions of the

Copenhagen Resvisions are

s phasect of CFC produchon and consumption was
nccelerated fo January |, 1906,

#»  hydrochlorofluorocarbons (HCFCs) were  added
by thee List of chemicals 1o be coptrolled:

» g schedube was established which completsly
phases out production and consumption of
HCFCs by 2050, and freszes consumption of
HCFCs beginning in 1996 w a baseline ceiling of
I00% of the consumption of HCFCs i 1989,
weighted by ozone depletion poieotal (QDF),
plus 3. 1% of the CFCs comsumed o 1989, also
weighaed by QDP.

Table 4.3 summarizes the refriperants used in compres-
sion chillers, and their potential for impact on ozone de-
pletion and global wanmmng Hydrofluorocarbons (HFCss
and ammon are oot rescactsd by mmeermancoal prtocols,

Qizone Dﬁﬁll Gkl W
Potantal P#ﬂ:w

I Fuborafind oo o s
CFE-11 100 1510
CFC-12 ko] 4510
CFC-113 o83 2100
CFC-114 an ERe K
CFE-115 a3 7.4
HCFC-22 Qs 510
HCFC12 ez =
Hytrefusrocarkons [long term repiacarmsnt|
HFC-134a 000 40
HFG-1538 000 47
i refrigomants
Ammonia aln ]} 4]

Table 4.3 Refrigeranis and thetr emamonmental impact
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Capital Cost

Table 4.4 summanzes generalized capital costs per kW,
for electric drive and steam turbine drve compression
chiller plants. These estimates are based on a 35 MW,
chiller plam, assumang seven 5 MW, chillers plus auxilia-
nes, bailding space and project overhead (engineenng and
project management). Key assumptions are the same as
summaniged for Tables 4.1 and 4.2 No ocosts were
included for chilled water distribution  Capital costs for a
paricular installaton will depend on many site-spectiic
variables, including the extent of upgrades 1o the plant
electric service which may be required to handle the power
requirements of the chillers. No major slectric service
upgrade was assumed in Table 4.4

In the generalized costs presented in Table 4.4, costs for
the chiller and auxiliary squipment is only 0% of the ol
installed cost, with installavon, pipang, electncal amd
building, sdding another 40% The remamming, 20%6 of the
todal installed cost 13 for engineenng. project management
and contingency. Total cosis for steam turbine drive
chiller plants are over 40% higher than electnic-drve, with
sgnificant differences in the cost of the chiller drive,
cosling tower and mstallanon

Electric | Steam turtans
Baro chilisr 57 87
Chiller drive 14 45
Chiller purnps (pramany} 4 4
Cooclifg fowsd, condenser purmps 20 30
Mechanical instaliation and piping &0 ar
Estramentstion and control ] 14
Elpctrical £5 7
Building and foundation id F4 ]
Subtotal 14 277
Project management (5%} 10 14
Enginsening {10%) 19 b
Contingenoy {1{8%] 12 A
TOTAL 242 s
Tabie 4.4 General ‘Emprmhn chiller system capital

costs (% per kW) +
Oiperation and Mainienance Cost

Chiller plant operating costs include: cooling tower make-
up water, chermucal treatment for make-up waler, mainte-
nance parts and labor, and operating labor  As discussed
in Section 4.2, operating labor costs are oo site-specific 1o
usefully address in this general analvsis.

Make-up water is required to replace water lost in the
cooling towers due to evaporation, blesd-off and drifi.  In
addinon to costs for purchase of water, chemical reamant
1= applied to control corrosion and biological growth,
Make-up water requirements and costs for a3 particular
instaflation will vary depending on chiller design, climats,
the cost and hardness of water available for condenser
coaing, and the specific waber treatment program

il

Representative costs for make-up water and chentical cosis
pre summarized in Table 4.5 bhased on heat rejpection
requirements calculated from the COPs and the coft factors
a5 indicated Costs are higher for steam turbine dnve
chillers because greater quantitizs of hem must be repeciad
compared 1o electne centrifugal chillers

Ebectric| Steam

Turhing
Make-up waler consumption (litersihin) | 3.50 3.50
Make-up waler consumption (hberakihWhe) | 408 61
Waler cost (81000 liters) 0.7a (37
Chemical cost (SM1000 Mers) 0.26 026
Tolal water/chamical cost (31000 Eers) 1.06 1.06
Total waler and chemical cosl (cent/kWhe)l 043 | 071

Tahle 48 Costs for makeup water and chemicals for
compression chiller cooling towers

Mantenance requirements nclude regalar monthly and
annual mainlepance, penodic  mEod  mainfenance
ioverhauls, eic ) and unscheduled repairs  Estimated
chiller munlenanee costs are summanzed in Figare 4.3
For larger electric centrifugal challers (over 2.5 MW, the
estimated annual cost is about §5.00KkW,

Smmtenance costs for steam turbane drnive chillers are
assumed to be lugher (about $7 00KW.) due 10 the
adciiional maintenance requirements associmted with the
seam (urbine drve tsell The additional $2.00%W,
annual costs were estimated 1o equal 2% of the difference
n capatal cost between the two types of challers

12
1
1

-

Areanl masrtenance cosl (SRWVE)

& O @& = @ B

-

1 =i i} 000 =00
Chiller capacty (Evis)

x| S
Figure 4.2 Emmﬂwmﬂﬂmmﬂ“

Overall Economics

Figures 4.4 and 4.5 jlustrate the overall economucs of
electrie conrifugal and steam turbine dnive compression
chillars, respectively, of vanous elecirieity prices and
Eguivalent Full Lead Hours (EFLH). These caloulations
represent generalized unit costs for 5 MW, chillers in a
multiple-unit plant Key assumptions afe detailed in
Table 4.6. Operating labor costs were not included, as
digcussed in Secthon 42 Consistent with all economic
analyses in this repor, capital costs are amortized over 13
vEarg



The cost of cooling 15 quite sensitive 10 uhilization because
of the large role that capital costs play in the overall sco-
nomics. Basad on this generalized analysis, elscinic cen-
trifugal chillers providing base load service (2000-5000
EFLH) would prowvide 3 kWh of cooling for a cost of 1.5-
4.0 cenmakWh, based on electricity costs ranging from 2-
10 centsk'Wh,  Electric centrifugal chillers used for
peakang (500 EFLH) provide cooling ai o significantly
higher comt 7 5-9.0 centskWh,, based on electricity costs
ranging from 2-10 centskWh,,.

Sream turbine chiller economics are even more sensmive (o
utilization because of their higher capital costs, Based on

this analysis, steam turbine drive centrifugal chillers pro-
viding bage load service (2000-5000 EFLH) would provide
# kWhe of cooling for a com of 2-7 centsk'Why bassd on
sieam oodts ranging from O-4 centaiWhyl, Steam mrbine
drive centnifugal chillers usad for pesking (500 EFLH)
wintld provide cooling, &t a significantly higher cost 0.5
cemskWhe ot zzro cost of sizam 1o over 14 centsk'Whe =i
a steam ¢cosl of 4 conisgkWhyy  Although not shown in
Figure 4.5, steam turbine drve chillers used for peakang
display & minor senmiivity to elecinic costs for suxiliaries.
If mizam turbine drive chillers are used for hase load serv-
ice their economiics are nol sensitive to the cost of eleciric-
iy for auxiliaries

14
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Figure 4.5 Representative economics for stearn turbine drive centrifugal chiller (5 MW _ chillers in a 35 MW/, plant)
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Electric Steam
Centrifugal | Turbine Drive
A, Capital cost ($kWe) 242 248
B Real interest rafe (%) 8.00% £.00%
c Capitalization period (years) 15 15
D Capital recovery factor (%) 11.58% 11.68%
E Watar & chemical costs jcents/KWhe) 0.4 0.709
F |Maintenance cost (SNCiyear) 512 720
& Electncity to chifler (kKWWhe/k¥he) o7
H Electricity to auxilliaries (EVWhe/kWhe) 0035 0043
i Cost of eleciricity (centakWhe) 010 5
4 [Heat to chilker [kWWhithikihc) 0.gz
K Cost of heal [cents/kKiWhih) O
L Equivalent Full Load Hours S00-5000 S00-5000

Formulas: Cooding mm;wmd-:nrm 100/L) + E = (F = TOQUL) + [[G#H) * 1] = {4 * K}
Capital recovery factor (D)= [Bx (1 + B)C)/ (1 « B)C - 1)

Table 4.6 Assumptions for compression chiller economics (5 MW chillers in a 35 MW plant)

1.4 ABSORFTION CHILLERS

44.1 Deseription of Technolozy

The sheorption cvele uses two media a refrigerant and an cussion of refnigerants § A schematic of one-stage aboorp-
absorbent. Water/Tithoum bromide and ammonis wates are tuinis 1 shown in Figure 4.6

the most common refnigerant/absorbent media pairs, but

other pairs can be ased.  {See Section 4.4.3 for furiher dis-

Cooling walar
Chenerator
Religerant (water vapor)
<
Siem or
——
Rufrigerant {waler) 1
Concentraled solsbon Bolmion heat
(Lithirm bromide ) exchanges
Evaposwior Absarber
Diuded
> solution
X p— =
Chiled veater Conling veater

Figure 4.6 Schemalic of one-stage absorpbion cycle (water/lithium bromide)

23



The absorption cycle can be summanzed as follows:

# Generator - Steam or ot waler i used to bol a
solution of refngerant/absorbent (waterTithium
bromude or anumoncswater), Refmgermnt vapar s
roleased and the absorbent solubon s
concentrated

#  Condenser - The refrigerant vapor released in the
concentrator 13 drawn info the condenser. Cooling,
water oools and condenses the refrngerant

# Evaporator - Liquid refngerant flows through an
arnfice nio the evaporator. Due to the lower
pressure in the evaporator, flashing takes place
The flashing cools the remaiming  Hoguid
refngerant down to the siurstion temperature af
the refrigerant at the pressure presend within the
svaporalor (approximately 4°C for a water Tithoum
bromude chiller) Heat s wansferred from the
chilled water to the refrigerant, thereby cooling
the chilled water and vaporizing the refrigeram

+  Abgorber - Refrigerant vapor from the evaporator
is drawn to the absorber section by the low
pressure  resulting  from  absorption  of  the
refrigerant into the absorbent. Cooling water
removes the heat released when the refrigerant
vapor returns to the hquid state in the absorption
process. The diluted solubion s circulated back to
the generator

Chilled waler

% Hexi exchanger - The heast exchanger transfers
hear from the relatvely warm  concentrated
solution being retumed from the generator 1o the
absorber and the dilute solubion being transfermesd
back to the generator. Transfermng heat berseen
the sclutions reduces the amount of heat that has
o be added in the generator and reduces the
amouni of heat that has 10 be rejected from the
absarier

In two-stage absorption cycles, bheat demved from
refrigerant vapor bobed from solution in the first stige
generator 5 used (o boll ot addational refnperant in a
second genermor, a8 illustraled in Figure 4.7 Two-stge
absorption requirss a hagher quality thermal source. Two-
stage absorpoon chillers are rypically dmven with 8-9 bar
steam (170-1757°C), bur lower pressures can be used if the
cupacity derate {88 discussed in Section 4.4.2) s
accepeable, |e later calculations. & steam pressure of 38
bar (I70°C) will be assumed for drving wo-stage
absorption chillers

Packaped abworption chillsrs are avadlable in ssbatively
small sizes, wp to 58 ?;I."l.’-': for one-stage and wp o 53

MW, for two-stage. +

Figure 4.T Schemaltic of two-stage absorption cycle (waterlithium bromide)

44
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Table 4.7 summanres energy consumption for
water/lithium bromide steam absorption chillers, including
the chiller and associated auxibaries (evaporator watsr
pump, condenser witer pump and cooling tower fang)
The values are based on the stcam pressures shown and the
following assumptions:

*  6.7°C leaving chilled water tempersure with o
B. 3% iemperature difference

¢« Waer cooled condenser with a 29.5°C imlet con-
denser water temperature and a 3.6°C emperamre
difference

* 11 bar condenser water pump head and 0.8 bar
chilled warer pump head

= E3% pump cificiency

» 0,001 kW, /KWy, cooling wwer fan elecine usage

Due 10 the lower efficiency of one-stage steam absorption
compared 1o two-stage. more heal must be rejected in the
cooling 1ower  Therefore, electnic  consumpion  for
auxilianes is hipher for one-stage sheomtion

Represeniative pan-load performance of a water/lithium
bromude sbsorprion chiller (chiller only — no auxiliariss) 13
illustrated in Figure 48 The solid line illustrates per-
formance with a constant condensang, temperature (29, 55C
entenng condenser temperature for a 6 7°C chilled water
leaving termperature). The improved energy efficiency wath
variable condenser temperature based on ARLIPLY, as
described in Section 4.3, s illustrated by the dashed line
The part-load performance of absorption clullers s
generally betrer than electne centrifugal chillers under the
sume condenser temperature assumptions:  In fact. the
absorption chuller performance shown in Fipure 4.8 for
constant condenger Emperature 15 only shightly worse than
the electnic centrifugal chiller performance shown in
Figure 4.2 for vanable condenser temperature

The capacity, efficency and economics of chillers depend
of many case-specific vaniables, including the design of
the particular chiller, For absorpuion chillers a kev consid-
eration i5 the termperature of the driving thermal energy
The capacity decline resulting from declining $team
pressure will vary somswhat depending on the design of
the chiller, Chillers with more heat transfer surface area
tn the generator would be able to provide higher capacities
with low temperature driving energy. However, the
additional surface area adds w the capital cost  The
mmpacis of the driving ensrgy temperatune on capacity and
COP are further discussed in Section 4.6

Figure 4.9 shows the decline in capacity for one-stage
sieam absorpbion chillers as the sleam pressure (and
therefore température) of the driving energy decreases
Capacity with | bar steam | 100°C) 15 about 65% of the
capacity with 2 bar steam {120°C), and with 0.5 bar steam
{about 80°C), this percentage drops to less than 40%
Figure 4.10 shows the decline in capacity for two-siags
stearn abgorption chullers.  Capacity wath 4 bar steam (142
*C is about 50% of the capacity with 9 bar stemm { 175°C)
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Consumption Tctal COP
|Chiller type Steam pressure Chiller Audlaries
(temperature) (kWthicWe) | (KiVeldiie) | (kWeliii)
I=stage steam 2 bar (120C) 1.50 0.08 064
Z-stage steam 8 bar (170C) 0.83 0.04 1.14

Table 4.7 Steam absorption chiller and auxiliary performance 42
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443 Refrigerants

The most common media pairs used in absorption cycles
e 1y owater (refrigerant) wath lithium  bromide
(abzorbent), and 2) ammonia (refngerant) with water
absorbent). Other media pars are under development fior
shaorption chillers  Advantages (+) and dissdvantages |-
af the common medin pairs are!

Water/li

= Mo loxicity

+  Leow pressures in the process

+ Mo losses comparable with the waler separating
logses i the ammodniawialer process
The lithium bromide easly crystallizes dunng
shutdown penods or malfunctions
Mormally limited 0 3 minimum chilled water
output  temperatare of abowi 4° C 1o avoud
freezing of the refrigerant (water)

Large vapor volumes

Adr can leak into the process due o the Jow
pressures

The temperature lift 15 limated to 30-35°C

Aanmonia’water

= Ammonia is an inexpensive refrigerant
= Ammonia is stable dunng shuldowns
» Can produce ice or lower lemperature chilled
Willer
= Can be used for relatively hugh temperamure lifis
+ Leaks are easily detected due 1o distinctive and
strong, odor
Ammonia 15 ioic
Lower COP than lithium bromide chillers

= Water separating losses occur in the generator
= High pressunes are néeded in the process

Reseprch on other media panrs 15 focused on increagang the
generator temperatire in mulu-gage absorbers and thereby
increasing, the efficéncy. However, media pairs wiiach
enable use of lower generator temperatures with the same
or better COP pre of grester relevance for ocombaning
diztrict eooling, with CHP  Examples of sweh chemicals,
whisch are currenily under study, are listed Below, with
notas an their sdvantages

Water/Lithuum chloride (LiC1)

+  Higher COF than H2O/LiBr

+  Bener heat vransfer than HaOLiBr

+  Possible to use lower geiveralor temnperaiures
compared to HaO/LiBr

Warnesr. )
+  Higher COP than H2O/LiBr and H30/LiCH

+  Possibie 10 use lower generaior [Emperaiunes
compared 10 H3OWaBr but tugher than

H=>OLiCl
444  Econamics
Capital Cosis

Table 4.8 summarizes generalized capital costs per kW,
for one-stage and two-stage waterTithium bromide steam
absorption plants. These estimates ane based on a 35 MW,
chiller plant, assuming seven 5 MW, chillers and
including auxiliaries. building space and project overhead
Key assumptions are the same as summanzed for Tables
4.0 and 42 [No costs are included for chillsd water
distnbution.  Total unit costs fior two-singe absorpiion are
about 20%% higher than for one-stage chullers

Higher capital costs
we 1-stage steam -EEEE steam
Bare chiller IL | 138
Chiiler pumps {primary) 4 4
Cooling iower, condenser pumps a8 0
Mechanical instaltation and piping L= 5] [+
instrumentaton and control 1 i
Electrical 13 13
Building and foundation 23 28
Subtotal =8 Zm
|Project development/management {5%) 11 14
Enginsering {10%) 23 28
ConBngency [ 10%) 23 28
| TOTAL 286 348

Table 4.8 Generalized steam absarption chilier system capital costs (ki) 43 +8
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Dperation and Maintenance

Chiller sysiem operation and maintenance costs ane
discussed generally in the Section 43 Opinions vary
regarding the relative mainienance costs of absorption and
compression chillers.”  Estimated maintenance costs per
kW, from several sources are shown in Table 4.9,

Reference
&4 | &0 | 411
.Eﬂ‘tm: cendnfugal compression 12 | 410 | 687
Absorpton G256 | 472 | 466
oncosiralie | 122 | 115 | Q&7

Table 4.9 Estimates of relative masntenance costs of
compression and abscrption chillers [ RV year)

Giiven the wide range of estimntes and opinions reganding
the relative costs of maintznance, i the following esh-
muates 1f 15 assumed that the cost per kW, of mantaning
steam  absorption and electne centnfugal compression
chillers are equal at 35,12 per kW per year

One potenbal operatonal concern  for  water/lithium

bromide absorption chillers is the possibility of crystalliza-
tign of copcentraded solution.  This is now a relagively
uncommen and manageable problem, because microproc-
eszor-bised contiol systems 1n power sboorption chillers
moniter crystallizabon parameters closely, allowang the
maching to operate at lower lemperatures yel mantus
proper llow and provide an orderly shuidown

Maoke-up waler requirements and costs for a3 panicular
instaliation wall varing depending on chiller design,
chimme, the cost and hardness of water avalable for
condengar cooling, and the specific water (reatment
program. Greater quantities of heat must be rejected i the
cooling towers for sbsorption chillers comparsd to clectne
centrifugal challers, resulting i hugher make-up waler
costs and higher cooling tower elecincity costs. The one-
siage absorpiion  chiller has  higher make-up water
requiremeants, compared o two-stage, becase it s less
efficiznt in converting thermal energy 1o cooling,

Representative costs for absorption chiller make-up water
and chemical costs are symmarized i Table 4,10 based an
hizat rzjecnon requirements calculated from the COP: and
the cost factors as indhicated

43

1-stage| Z-stage

Slpam | slemm
Make-up water consumption (IterakWhih) | 3.50 150
Ma waiter consumplion (ilem/he) | B76 | 642
Wnler cost (571000 liters) 07 | 0
Chemical cost ($N1000 liters) 026 [ s o
Tatal water and chemical cost (51000 liters] 106 1.0
|Iﬂdvﬂu mnid chiemicsl cost (contiddhe) | 0893 | G638

Table 4.10 Costs for makeup waler and chemicals for
absorption chiller cooling towers +4

Overall Economics

Figures 4.11 and 4.12 illustrme the overall economics of
one-stage and two-stage steam absorption cluller sysiems,
respectively, at varous electricity prices and Equivalent
Full Load Hours (EFLH), The one-stage two-stagie challers
are assumed 1o be driven with 2 bar and § bar steam.
respectively, These calculations represent generalized unit
costs for 5 MW, chillers in a multiple-unit plant

Key assumptions are detasled o Table 4.11  Auulianes
were assumed 10 be powerad by elecinicity a1 a cost of 5.0
centskWh,. Total costs per unit of cooling were not
significantly affected by vanations in the cost of electncity.
As with all economic calculahons in this repori, chiller
capital costs were amontized over 15 vears

The cost of absorption cooling id guite sensitive 1o wtiliza-
oo  Basad on this analysis, ons-stage steam and two-
stage steam absorption chillers prevading base load senvace
{2000-5000 EFLH) would cost 20 - 90 and 10 - 63
centskWh,, respectively, based on heat costs ranging from
04 centskWhyp,  Absorpion chillers usad for pealang
(500 EFLH) provide cooling at a significantly higher cost
55=135 and 5.0 - 15.0 centsk'Wh,, respectively, based
on heat costs ranging from O-4 cemakWhyh

lllll

Several references addressed pelative munimance coss
gualitatively. Ome reference notes that one of the sdvantapes of
ahsorption chillers is “low cost mamimance becamse there a
few movmng paids to fervice and refripersnt 3 mexpenive snd
readily available” +12  Another source states “Absorption
chilllers have few movimg parts, and a properly cared for
absorption chuller has o greater chance of filore than a
mechanical chiller, nor doss it cost more to mamtais " 1
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[ One-Stage

Two-Stage

B%
15
11.68%
083
5.1

0.056

1.50

15
11.58%

G2
0,042

083
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Formulas: Cooling price (cents/AWh.) = (A x D x 100/L) + E + (F x 100/L) + [{G+H) * 1] + (4 * K}

Capital recovery factor (D) =

EBx(1+BS e BE-1)

Table 4.11 Assumptions for absorption chiller economics (S MW, chillers in a 35 MW, plant)

4.5 COMPARATIVE ANALYSIS OF CENTRAL
CHILLER TECHNOLOGIES

451  Efficiency

Az discusesd in Section 4.2, the efficiencies presented in
thig report reflect peak conditions rather than annual
average condinons.  Figure 4.13 compares the inpa
energy per kW, produced using the vanous chiller tech-
nologies, based on the following driving energy tempera-
furcs

s Steam turbine cenirifugal drive 11 bar steqm (185
=Ch

= Ome-stage steam absorption 3 bar steam (120°C)

»  Two-stage steam absorption 8 bar steam ( 170°C)

The chiller system efficiency (including auxilianes) can
also be expressed as a Coefficient of Performance (COP),
ar kW, per total kKW input energy (see Figure 4.14)

Although the heat-driven chillers appear inefficient, these
chillers can use low-temperature thermal energy from CHP
ond can therefore provide overall gystem efficiencies
comparable to elsctne dnve chillers, as discussed in
Chapter 2 The mwo-stage sieam absorption challer s
significantly more efficient than one-siage gleam
absorption, requining about 45% less input energy
However, becapse two-singe steam absorplion reduires
higher temperature steam, @ has a greater detrimental
impact on electricity production when combined with CHP
The steam turbine drive chiller 15 shightly less efficient
than the two-stage chiller and also requires higher
rempergiure sieam, so i has a low overall efficiency when
combined with CHP.  However, as discussed in Chapter 6,
under certun circumstances, such as if low-cost non-CHP
h=m i avulable, steam turbane drive chillers can be
anractive.

19

In addinon w COP, operating fAexibility and pan-boad
perfommance are IMPOMAn perfoMAnCE  consMCTAIIONS.
Centrifugal chillers are generally casicr o operate and
provide more operating flexibility becawse they can be
started up and shut down more quickly, Regarding par-
load performance. the absorprion chiller itself is betier
pomparcd o the cemmifugal chiller. Part-toad performance
of ahsorption  chillers with a  constant  condenser
temperangre s basically lincar down w0 30% of capacity
This is supenor o the part-load performance of elecinc
centrifugal chillers with a constamt condenser temperature,
which at 30% of capacity has a chiller energy input per
kW cooling output over 35% higher than ar full capacity.
With a wanable condenser temperature the  pan-load
performance of either type of chiller i= improved.

However, chiller auxiliaries can significantly affect ol
chiller system efficiency wnder pan-load condinons
because these auxiliaries are penerally run with onc-speed
motors. Poor part-load performance of chiller auxiluanss
is more detrimental for absorpuon chillers because they
require more heat rejection and therefore greater overall
electric requirements for cooling fower operation. With

ion chillers there 15 the addifional conicern about
avoiding condenser iemperanurss low eoough 0 cause
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Figure 413 Representalive nput energy required per kW, produced
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4.5  Economics

Figure 4.15 illustrates the comparative capital costs of
various types of chiller wechoologies, including inswalla-
tion, auxiliaries and building. The eleciric centrifugal
chiller has a disunot capital cost advantage over the
thermal drive technologies in this generalized comparison.
Site-specific factors, swch as additional costs o aperade
clecimcal service 0 power elecmc dnve chillers, can
chanpe the compartive capital costs,

The impact of the higher capital costs for thermal drve
chillers can be seen in Figure 4.16 on the following page,
wihach illustrates the component cosis of the central chiller
technologies for 200, 1000 and 5000 Equivalent Full Load
Hours (EFLH) under a consmstemt assumpiion of |
cent/kWhy, heat cost and 5 cents/k'Wh electricity coss

The figure shows the sigmficam impact of utithizaton on
the cost of cooling Al low levels of uhlizanon (500

EFLH), capital is by far the most significant cost  The cost
of doving energy (electncity or heat) 15 the next most
significant cost  This relationship is reversed as utilization
is increased to baseload {3000 EFLH) levels, wath the
driving energy becomang the most significant cost. AL
5000 EFLH total costs per kW, drop to 15-30% of the
wvalue ai 500 EFLH  Munienance costs per ton of capacity
are hugher for steam mrbine drive challers compared to
other technologies dus 10 the URnIque MmAINETANCE Mequire-
ments of the sieam tarbing equipment. Water and chem:-
cal costs for cooling tower make-up are higher for thermal
drive technodogies, although this cost component s
relatively mmar

Different assumptions regarding the cost of capstal and'or
the amortizable life of the chillers could alse have a
significant impact on the resulis of a sie-specific com-

paratiye analyss.
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Figure 4.16 Comparative capital costs of chiller technologies,

including installation. auilianies and building
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Whereas Figure 4.16 compares costs at static assumphions
reganding the cos of heat and elsctriciny, Figures 4.17 -
4.20 compare the iotal costs, for 500, 1000, 2000 and 5000
EFLH, respectively, of thermal driven chiller tachnologes
iexpressed as cost per KWh of cooling) at a range of heat
costs.  Generally, two-stage absorphon is the lowest oost
ophion, followed by steam furbine drmve. At low heat oosis
and low levels of utilization (under 1.5 cents®W, at 500
EFLH and under 0.5 centskW,. at 1000 EFLH), the
relatively inefficient one-siage steam asbsorption can show
acost advantage over the other thermal driven chillers. As
discussed i Chapter 6, the lower lemperature require-
ments of one-stage absorpbon reduce the effective cost of
the heat and make one-stage absorphion more aftractive in
the context of integration with CHP
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Figure 420 Comparative costs of heal-based chillers at
5000 EFLH

If electricity is suffictently costly relative 1o the cost of heat
for thermal drive chillers, the latter can compete effsctively
mpunst ebectric chillers.  Figures 421423 show the
minimum electnic pnce’heat price ratio required for the
cost of thermal drive chiller outpul to equal the cost af
ebectric centrifugal chiller output, for the heat cost range of
O-4 centekWhyy, and ai vanous EFLH, based om the
parameters previously presented.  These graphs represent a
pven set of peneralized assumptions, and many sie-
spacific vanables can affect the cosl companson in a
particular sstuation

A mumber of generabizations can be made based on the
calculations illustrated 10 Figures 4.21-4.23

& At 500 EFLH, thermal drve equipment can only
compete with electric cemrifugal chillers il the
electric’heat price ratio ranges from 21 1o 26 with
heat costing | cent/kWhyy,

= Ar 1000 EFLH, steam absorplion can compete
with very low heat cosis and high elecinic pnces
The required electric/heat prnice ratie ranges from
15 1o 18 with heat costing, | centkWhy,

. 2000 EFLH, thermal drive chillers become
more competitive, with the required electrichem
price ratio ranging from 11 to 16 with heat cost-
ing | centKWhg,

= At 5000 EFLH, the requred electrichear price
ratio drops to a rangs of 8 to 15 with ke costing

| centkWhy,
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steam [urbine chiler output o equal the cost ol elecinc
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Figure 4.22 Eleciricheal price ratio required for cost of 1-
slage steam absovplion chiler output to equal the cost of
electiic centrifugal chiller outpud
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Figure 4.23 Electricheat price ratio reguired for cost of 2-
stage sieam absorplion chifer outpul to equal the cost of
eleciric centrifugal chiller output

4.6 ABSORPTION CHILLERS DRIVEN WITH
DISTRICT HOT WATER

This section describes and quantifies the performance and
economics of absorption chiller technologies driven wath
diginct hot water. For the reasons described 1n Section
4.1, this discussion 15 presented séparately from the prior
discussion of chillers ueed in central chilled water planis
For a review of relevant refnigerants, sae the discussion in
Section 4.4.3

Imterest is growing in the use of disinct heanng systems to
provide district cooling, either through dispersed absorp-
tiow (absorpiion chillers in each buildingd or through
decentralized chilled water plants (small district hea-
driven absorption planis distnbuting chilled water) The
generation of cooling through debvery of distnct heat
increases uhilization of exising plant and distribumon
syslems and provides opporiunitiss for increased service

and new business.  Although there are examples of geam
district heat being usad to provide digtrict cooling. most of
the current interest in using disirict heat for cooling 15 1n
cistrici hol waler systems. [n addition, the low tempers-
tures of distnct hot water present addinonal design consid-
erations compared to steam absorption.  Therefore, ths
section focuses on kot water absorpiion,

4.6.1 Description of Techoology

Steam and hot water absorpuon challers doven with
distnicl heat use a one-stage shsorphon ovcle as illostrated
in Figure 4.6 This 1s the distnict heat-driven technology
most commonly implemented or considered for district
cooling Adsorption and dessicant (sorption) umils are
other thermal drive technologies which are capable of
generating cooling

In sdsorption chillers the refrigerant (water) 15 bound
fluids or on the surface of a hygrospopic sobid substance
(&g, silica gel) in the desorber. The heat of the dnving
energy vaporizes the refngerant in the desorber, then the
refrigerant vapor is condensed in the condenser. The
condensed refrigerant & atomized n the evaporator,
thereby cooling the cooling loop. The evaporated refriger-
ani flows to the collector and 15 bound on the surface of the
hygrospopec substance.  After saturation of the collector
with the refngerant the collector hias o be swatched o
desorption.  During desorption the hygrospopec substance
15 regeneraled (dred) for operation as a collector.  The
operation 13 switched between collection and desorpton in
five-minute intervals.

Dessicant or sorphion machines wse a desuicanng | or
drying, matenal fo remove moisture from ar beang comdi-
tipned.  Dessicanis can be solid ez, :ilica gel) or liguid
ieg , lithium chlonde) The dehumidification process is
essentially adishatic, converting the lateni ensrgy of the
water vaport o sensible energy of the ar, resuliing in an
increase in the air temperaiure. However, dehumidificanon
combinsd wath heat rejection results in an overall coaling
of the air

4.6.2  Performance

Absorption  oooling 15 a  well-established  technology
However, unti] recently abtorption chillers were generally
dengned for seam and were poorly suited for use with
lv-temperature distnict heat Most district hot  water
symems are desipgned for a vanable temperaiure, with send-
oul temperatures duning sammer dropping to T0-%0°C  [n
contrast, many one-stage absorphion chillers are desyened
for 2 bar {120°C) steam

Cenerally, the heat transfer surface area in the gensrator in
a8 steam ashsorption chiller used for hot water wall be
undersized. Providing the required hest transfer surface
area for chillers designed for steam results in hugher
investment oot per unil of cooling capacity when thess
chillers are used for hot water appbications. This creales
the potentinl for decreasing inmvestment costs by designing
and marketing chillers specifically for hot water applica-



tions, and in fact 8 number of manufacturers are vow doing
so. Further optimization of chiller designs for hot water
applications may be possible relative to reducing capital
cosl andior increasang the hot water temperature differ-
eEnoe.

On the other hand, many single-effect sizam absorption
chillers are designed for low pressure steam (2.2 . 2 bar),
whereas pressures in hot waer district heating distrbation
gyslams may be operating ar peak pressures of 12 bar or
mare  Designing, a chiller to operate under this higher
pressure will tend to increase investmant cosis

The performance of absorption chillers driven with hot
waler wall vary depending on machine design, the hot
water supply temperature and other factors. Key perform-
ance parameters include chiller capacity (which affects
investment costs), COP (which affecis the operating, costs
and environmental impacts) and the hot waer lemperune
difference (wiach affects the district heating distribution

pipe capacity b

Chiller capacity as a function of hot water supply tem-
peraiure

The capacity of an absorption chiller will drop as the
temiperature of the drving energy is decreased, resulting in
8 higher investmen! cost per unit of cooling capacity
because more heat tranefer surface is required to produce a
given amount of cooling This can also result in higher
investment cosis for addimonal bulding space and siruc-
tural resnforcement due io the greater size and weight of
the chiller per unit of cooling capacity.

The extent of this drop in capacity depends on the specific
machine design Capacity derate curves for one-siage
steam absorption chillers were shown in Figure 4.9 for
steam pressures down to 0.3 bar.  Figure 4.24 shows the
capacity derme of absorption chillers as a function of the
hot water supply temperature The capacity for the
different chillers in the figure has bsen equalized to 100%
at 100°C hot water supply lemperature and is bassd on a

10FC temperature difference

Capacity %%}

100 118 120
ot wabed mperaiune ()

Figure 4.24 Capacity derate for different chillers at a

range of hot water supply temperatures assuming 10°C
hot water termperature difference 4-3. 4-14

of

In planming a system of decentralized chilled water plants
using absarption chillers driven by the hot water distnict
heating, system, Gothenburg, Energy examined the impacts
on investment costs of installing chiller capacity to utihize
the normal 75°C summermme hot waer, and concluded
that it was more ecopomical to increase the summer
operating temperamare of the district heatimg system to 100
C. It is significant that in this system CHP is not a
source of heat during the summer, althowgh i1 15 a0 impor-
tant source of heat during the rest of the ver Dunng
summer, wase mcineration and indusinal waete hes ame
key sources of thermal energy  +17

Chiller capacity as a function of hot water temperaire
difference

For an sbsorption chillar driven wath hot water, bath the
supply temperature and the emperature difference wall
affect the capacity. Figure 4.25 shows the capacity derate
for a chiller at different hot water supply temperaures and
temperature differences.  Hot water af temperatures of S0°
C and 100°C would result in capacity derates to 45% and
65%, respectively, of ihe capacity with 120°C dmang
energy, assuming a 3°C emperaiure difference 1T the
temperature difference is 10°C, the capacities drop further,
to 40% and 3 7%, for hot water supply temperaturss of WP
C and 1007C

B @0 100 114 120
Supply tempeiature | C)

Figura 4.25 Capacity derate for different supply
temperatures and lemperature dfferences for steam
absorption chiller driven with hot water 4-3

If steam driven absorption chillers are converted to hot
water, the capaciiy derate using hot water can be eshimated
by calculating, the average of the supply and return fem-
peratures for the hot water absorption chiller Thus 5 a
pood approximation of the satumtion temperature of
squivalent steam pressure for a steam driven absorption
chiller Thus, for example, for hot water supply/return
temperatures of S/E0°C, the average 5 85°C and the
equivalent st=am pressure is 058 bar, as shown in Figure
4.26. This equivalent steam pressure can then be applied
to the capacity derate chart for the particular steam challer,
such as Figure 4.9,
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COF as a function of hot water supply temperature

Apart from affecting the chiller . the hot waser
supply temperature will also affect the chiller COP. COP
data qchiller only) from manufacturers of absorption
chillers marketed for hol water applications are summa-
nzed i Table 4.12 The COP values are based on a
lzaving chilled water temperature of 7°C and a condenser
enlETing waler temperature of 30°C  Given the signoficant
differences in values for the different manufacturers, the
chewce of chiller manufacturer would appear 1o be ot lexst

a5 important a8 the choice of supply lemperature

HOA vwater siuppiyretEm
Manulactuser
1 0.75 nat wvaslabie
o a7 075
3 0.69 0.7
Table 412 COF data from of hot water

absorption chillers and other sources 14

The impact on COP due to different bot water supply
temperniures i3 shown in Flgure 427 for two chillers
being used wath hot water, under the base case conditions
af 6°C chilled water temperature, 30°C condenser entening
walter temperature and 10°C hot water temparature differ-
ence. The difference in the effect of the supply tempemiune
on the COP could be explained by differences in the design
of the chillers, but may also be affecied by how the o
manufacturers present performance data,

Eleciric usage for auxilary equipment will wvary shightly
depending on the COP of the particular chiller, the hot
water temperature and other design conditions.  As shown
i Figure 4.27, the steam chiller driven with 95°C hod
water will have a COP of about 0.67 - the game a8 for 2
bar (120°C) steam.  Auxilianes would be expected to have
the same electnc raquuremenis as shown for one-siogs
sizam absorption in Table 4.7 (0 06 kw,mw,::, four & ol
chillar system COP of 0,64
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CoafMcient of Pertormance (COP)
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Hot watnr Suppiy bemps ratune (C]

Figure 4.27 |mpact of vanabons in hot watel supply
trmmhﬂm OF for two chillers being used with hot
water + gt

Distribution capacity as a function of bot water
temperature difference

Diginct hot water pipes are oypecally designad for a hot
water temperature  difference of 30-50°C undier peak
heating, conditions, whereas hot water absorption generally
produces hot water temperature differences of 15°C or less
Dupending on the relative sare of heating and cooling
loads. this can resull in pipe capacity constramnis

For example, in Seoul, Korea, where the average cooling
demand per square meter of bullding space 15 15% higher
than the average heating demand, distnct hot water pipes
used for dispersed absorption are conmrning, expansion of
cooling service.  |n confrast, in the Netherlands, where the
average cooling demand is 40-43% lower than the average
hesting, demand., use of dimncl heating sstems for
absorption cooling is less of a problem. However, while
the average demands for heating and cooling can be used
a5 a capacity criterion for the main disnbution pipes.
problems can still afige in certun pans of the mamn disa-
butvon sysiem and the serace pipes.  In downbown areas
with mainly office buildings, the ratio af cooling 10 heating
is higher than average and distribution pipes sized for
hesting can still be a resiriction o absorption cooling,

The pipeline capacity constraint becomes more severe with
lower 1emperaure district heating systems, because the hot
water temperature difference and'or the chiller capacity is
reduced with lower het water supply temperatures, as
shonem in Figare 425,

Condenser water temperature

Regardiess of the type of chiller, capacity and efficiency
will decrease if the condenser water [emperature is
increased  For a central chiller plant, regardless of chiller
type, the design condenser waler temperature wsually 15
proportional to the design ambient wel bulb temperature
or, if mvailable, river or lake watér temperature. MNormally,
the approach temperature between the design ambient wet
bulb temperature and the condenser wler lemperature is
about 2*C  To limit the number of vanables, the earhier
performance compansons for chillers o be used in central
plants were based on one condenser waler [Emperaure



Wil dispersed ciler, the design condenser waler fem-
perature can vary due fo space hmitations and other

ponstrams fior kcal banlding cooling towers {eg, esthetic
of visbility concerns due to cooling tower drifi) These
constraints may resull in higher condenser temperaiures due
to undersized cooling towers.  Therefore, some discussion
i  wamanied regarding  the  impact  of | condenser
tefmperatures on capacaty gned COP

Higher condenser water temperatures reduce the chiller
capacity, as shown in Figure 4.28 for one chiller at differem
hot water and condenses waler temperntures

14
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LAL I .- &

absorplion  chiler capacty al  different condensar
temperatures (chiled water 8°C, hol water temporaiure
diffarence 10rg) +17

Higher condenser temperatures also affect COP, particularky
i1 bower hot water driving temperatures.  IF the tempernture
of drving encrgy is relatively high, the COP iz relatively
imaensitive 10 the condenser water temperniure.  However,
with bower drving temperatires the COP becomes sensitive
to changes in copdenser water tempernfure, amd this
sensitivaty increases with lower driving temperatures. Figune
420 shows the COP of an sbsorption chiller used with a
range of hol waler supply temperatures and for different
condenser temperatures

Dher chillers will exhibit a different pattern of performance
under varying conditions, based on the particular machine
desipn. Mote that fior (his chiller st lower condenser inlet
lemperatures (under I0°C), the COP actually incremses
slighity as the bot water inlel lempersture drops from o
desgn condition of 12070 10 100-105°C, whete it peaks m
.68 and 0,71 for condenser inlet temperatures of 30°C and

25°C, respeciively
Part-load performance
Pan-load performance of absommion chillers drven with ot

water is similar to performance wath stenm, as illustrated in
Figure 4.8
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Capital Costs

Capital costs for absorption chilbers driven with hot water
cani be esmimaled based on costs for steam absorption
chillers, adjusting for. 1) the capacity derate when hot water
is used instead of the pormal design condition of 2 bar
stenm;, and 2) cost differences due to economies of scale in
the chiller and plant componems  Estimates are made for
decentritlized cliled waler planis {assuming generation of
chilled water in § MW, shsorption chiller plams) and for
dipersed absorprion (assuming | MW, absorption chiller
plants im buildings)

As indhcated in Figure 425 for a represenative steam
chiller, 100% capacity 18 reached wath 120°C  dnwving
tempeerature and 3°C iemperature difference. With a 10°C
temperature difference the capacity would be reduced 10
93% of full capscity,. Drving the chiller with 95°C hot
water with a 10°C temperature difference would reduce the
capacity to gbout 0% of full capacity

Cost pdjustments were also made 1o account for the
discconomies of scale with smaller chifler amdd plant mres
hkely in decentralized chilled water plants and dispersed
ahsorption plants compared to centralized steam absorption
chiller plants, Assumptions for chiller and plant sizes for
cach type of faclity arc simmanzed in Table 4,13

Faciiy Type Chiller sirs (KWWC ] PIant sas (R C)|
Tentiahzen sieam AbSCpHOT 5380 3500
Dacantradined chilled walsr plant 1,350 15,000
s Bk E0O 1,000

Table 4.13 Chilier and plant sipe assumphicns for
soonomic ealcutations




Cost adjustments were made for the bare chiller and

vanous plant components, generally using a 0.8 exponent
factor as illestrated in the following example formul

$A = Size of chiller A in kW,
5B = Size of chiller B in kW,
CA = Cost of chiller A 1n %W,

Cost of chiller B in $%W,. =
cA e (sh58 )« (sHisA 0.8

Based on the derate for 95°C hot water, and adyusting, for
size differences compared to the bare chiller capital oost
preseniad in Section 4.4 for @ 5 MW, one-siage sizam
absorpion chiller, bare chiller capacity for 95785°C ho
water would codt $166 per kW, for a 1,250 kW chiller in
a decentralized chilled water plant and $200 per kW, for a

500 k'We dispersed absorption chiller

These values are reasonably consistent with bare chiller
capital cost values provided by manufacturers of chillers
dempgned for bot water, as summanzed in Table 4.14

Manutacturer | Bize (KWe) | 5/ kWc
] 140-560 303
2 400-5000 200
3 70 113

Table 4.14 Capital costs for bare chillers
designed for 55°C hot wates * 14

Given the wide range of the data in Table 4.14, capital
oot assumptions wall be derved hased on adjusied costs of
steam abgorption chillers. Table 4.15 summanzes 1otal
rnsalled capital costs per kW for representative hot water
absorption chiller capacity driven with 95°C hot water,
inchsding, auxilianes and building space. No costs are
incleded for chilled water distribotion for the decentralized
chilled water plant

Although these capital costs appear high relaive o the
other chiller technologies discussed earligr. by wsing the
district heating distrbution system to deliver cooling
eneryy, significanmt savings i chilled water dastribution
costs are possable either their complete elimination (n
dispersed absorption chillers in indbadual buildings) or
large reductions (in decentralized chilled water planis)

Dperation and Maintenance

Crperation and munienance costs are discussed generally
in Section 434 Key assumptions regarding make-up
water and costs for hot water absorption chillers are shown
i Table 4.16, assuming 95°C hot water supply

Make-up waler consumption [liters/Kidhih) 350
Make-up water consumpbon (iiters/kKVvhe) 8.1
Water cost ($/1000 liters) 078
Chemical cost (51000 ibers) il
Total water and chemical cost (51000 liters) 1.0
Total water and chemical cost {cent/kWWhe) D83

Tabbe 4.16 Makeup water for hot waler absorplon chiller
cooling fowers

Water and chemical costs will change slightly with higher
of lower driving temperature, depencing on the impact on
COP.  For example, for the gieam chiller depicied in
Figure 4,27 above, if the drving temperature 2 increased
from 9°C to 100°C, the COP would increase from 06635
w068  The amount of hest repected per unit of cooling
putput 15 equal vo the sum of the cooling output (ie., the
thermal energy removed from the bawilding) plus the
thermal energy driving the pbmorption process  Therefore,
inn the example just cited, the percentage decrease in the
heat rejected ix

| L G630 665) - | 68/0.68)

i1 6650665

Bare chiller

Chiller pum ps [phmary)
Coalirg lowes, condertnsr DLITRE

Mechanical inataliation snd pipang
Bresbrim et e Sorerod
Elecrical

Bullding and Toundatsan

SuErerg

Prroject management (S5%)
Engirainng (10%)
Conlingency (109

TOTAL

8 sanl usza :qﬁgi

Table 4.16 Representative capital costs for absorpbion chiller capacity driven

with S5MES°C district hot water [3%WWc)




Overall Economics

Figures 4.30 and 4.31 illustrate representative economics
of hot water absorption (95/85°C) for dispersed absorption
and decentralized chilled water plants, respectively, at
vanous heat pnoes and Equivalen Full Lead Hours
(EFLH). Key assumptions are detailad in Table 4.17
Auxilimnes wers sumed 10 be powersd by electnoty
costing 5 0 cemskWh, Total costs per unit of cooling
were not sigmificantly affected by variations in the cost of
glecineity. Comparad 1o munignance costs for centralized
chilled water plEnis, mamienance ©ONS per o wers
assumed to be 20% higher for 1.250 kW, chillers i
decentralized chilled water plants and 1007 ki for
500 kW, chllers in dispersed absorption plants.

The cost of hot water absorption cooling will depend on
many site-specific vanables  As incdicated earlier, this
approach can provide substantial savings in distribution
costs.  Considenng only plani-related costs, generating
cooling with distnct hot water will be quite sensitive to
utilization due o the relatively high captal costs  Absorp-

.1

tion chillers driven with district heating, wall tend to have
lower utlization than other chillers potentiadly imegrated
with CHP because this approach will gensrally be used in
regions with well-developed district heating  sysiems,
which tend to areas with oooler climates and relatrvely low
cooling, requirements. In  additon, in ihe dispersed
pbsorption approach the utilization of the chillsr wall be
limated to the individual building's requirements, whereas
in decentralized challed water plants i 15 possible 1o use a
gven chiller o provide baseload cooling  thereby
increasing the utilization hours and decreasing the impact
of high caputal costs.

Based on this generalized analysis, decentralized chilled
water plants with a relatively high utilization Esctor (2000
EFLH) would cost 4-10 centskWh,. based on heat costs
ranging, from 04 centekWhyy, A1 1000 EFLH this range
increases to 7-13 cems®kWh,  Corresponding ranges for
dispersed absorption are 5-11 cents®Wh, and 85-14 5
cents’k'Wh,. for 2000 and 1000 EFLH. respectively
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L
[ T Rl

14

Equivalent Ful
Lioad Hours

1000

iCoaling cost [oerkivhe)

2
Hoat cost [oertaidih)

Figure 4.30 Representative economics for dispersed hot water absorption

(500 kW chillers in 1,000 kW, plan)
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Figure 4.31 Representative sconomics for decenntralized chilled water plant using hot water absorption
{1,250 KW, chillers in 5,000 kW, plant)

Dispersed Decentralized
Absorpiion Chilled VWaler
Chiller unit size / plani size (MW} 0510 12550

A |Capital cost (SkWic) 537 433

B |Real interest rate (%) 8.00% B, D0%

C  |Capitalizabion period (years] 15 15

D |Capital recovery factsr %) 11.68% 11.68%

E |Water & chemical costs [cents/kWhe) 0.93 083

F |Maintenance cost (SkWeiyear) 10.24 614

G |Electicity 1o chiller [KWhe'kWhe)

H  |Electficity to aumillianes [KWhe'kWhe) 0.058 0.058

I Cost of electricity [cenis/KWhe) 5 5

o Heat to ehiller (ihhthil\he) 1.50 .50

K |Costof heat [cenis/kihih) -4 -4

L |Equivalent Full Load Hours E00-5000 S00-5000

Formulas: Coofing price (cents/kWh.) = (Ax D x 100L) + E =+ (F x 100/L) # [{G+H) " 1] * [J " K}
Capital recovery factor (D) = [Bx (1 + 8)%) /({1 + B)¢-1)

Table 4,17 Assumptions for hot water absorption chiller economscs

Ta
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Chapter 5

Fundamental of District Heating and Cooling

51 INTRODUCTION

This chapter briefly describes some aspects of overall
dagtrict heating and cooling desagn which are relevant 1o
imegration of district cooling with CHP and district
heanng  Section 5.2 discusees heating and cooling, loads
using the example of St Paul, Minnesola, USA  Section
53 briefly addresses distnbution consideranons.  Section
5.4 discusses the role of thermal storage

521 HEATING AND COOLING DEMAND
2.1 Heating

Depending on the country and location, different design
ambient temperatures and paramicters are uwsed for design-
ing the heating system of a bullding The discussion in
this sectiom uess the design values for S8 Paul, Minnesota,

LEA as examples.

Building heaing systems in Nonh America are usually
designed to meet the 97 5% drv bulb temperature (the
temperature which is higher than only 2 5% of the hours in
December through February — a total of 2,160 hoars), 1
For 51 Paul this desipn ouidoor temperature i -24°C An
indoor temperaiare of about 20-227C is usually desired, b
the building heating sysicm uwsually only has to provide
keating up to 18-19°C due to internal hesi gain from
people, electne equipment, eic

Depending on the building construction (insulaben, heat
copacity and glass area), ouldoor temperatures balow the
97.5% point will affect the indoor temperature differemily
The indoor temperatere in “heavy™ buildings with a high
heat capacity will not be affectad as quickly as the indoor
tzmperature in “light” buildings with poor insulation. For
light butldings the 99% dry bulb temperature (-27°C 1 51
Paul) could therefors be a better design parameter,

Heating degree-days are used to calculate the heating
emergy required The number of heating dsgres-days for a
particular day is defined 3s the difference between the
desired indoor temperamure and ihe average daaly ambient
temperature.  MNormally, degree-dans below an outdoor
temperatune of |8°C mre wsed inm Nonh Amenca  The
indeor temperature will actually be greater than thes due o

ihe internal beat gains. The annual heating, degree-days
for 5t Paul is 4,434, 32

The district heating, svstem will inclode different types of
busldings with different usags panerns for space heahing
and domestic hot water. Due to these different patterns,
the peak load for the distnict heating system wall be lower
than the sum of the peak loads for each building. The ratio
between the system peak losd and the individual peak
loads, usually called the “diversification factor,” s nor-
mally in the rangs af .8

A sudy of an area of 72 dentical single family houses in
Sweden showed a diversification factor of sbout 0.7 3
Because of the less uniform usage of space heating and
domestic hot water and the higher usaee of domestic bot
water in residential buildings compared to offices and
stores, Lhe residennal load should be more diversified The
study also showed that the maximum  diversification
{lowest diversification faxctor) was rapidly reached when 20
or more buildangs were connected to the sume system

The equvalent full load hours (EFLH), defined as the
annual energy consumplion divided by the peak demand,
are esumated to be 1,700 for offices and stores and 1,900
for apartments and hospitals in 5t Paul, Wih an average
of about 1,760 hours for all individual buildings. and a
diversification factor of 0%, EFLH for the overall district
heating svetem is 2,200

An estemated load duration curve fior the syetem, baged on
empincal data from operating sysiems and meleonological
data for 51 Paol (monthly degres-days, n desmgn outdoor
temperaiure of -29°9C and asboul 20%% degree-day-inde-
pendent load) is shown in Figure 5.1 The lower design
outdoor temperature wsed (1% dry bulb mims 2°C) com-
pared 1o the design of indevidheal buildings 15 a safiety factor
o ensure that heat can always be prosnded 10 the oldings
The EFLH wsing this method are 2 200, which 15 compa-
rable 1o the actual value. An exact value for a new system
cannotl be accuralely anticipated due to the molupliciy of
buildings with differeni standards and different homan
behaviors involved

Figure 5.1 shows the tme duration for different heat loads
in the sysiem. Figure 5.2 shows the percentage of the an-
nual ensrgy production that can be supplied by heat
sources of different sizes. Heat sources sized at 20% or
50% af the tocal heat demand can, for example, provide
about 55% or over 0%, respectively, of the annual heat
production

| | |
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Haurs g year
Figure 5.1 District heating load duration curve for 5t Paul,
uza,
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Figure 5.2 Energy distribution based on load duration i
Figure 5.1

522 Cooling

Building cooling svstems are usially desgned to meet the
% dry bulb temperature (the 1emperature which 15 below
only 1% of the hours in June through September — a total
of 2928 hoursy ! For St Paul this cutdoor design
tempermture & 33°C.  The design of the cooling system
must also sccount for humidity (wet-bulb temperature),
solar hext gain and internal heat gain from people and
equIpmEnt

Cooling, degree-dave can be used 10 calculate the cooling
energy required  The cooling degree-day is normally
defined as the temperature above 13°C. Dug to imernal
heat gains, sspecially in offices, degree-days above an
ocutdoor temperature of 10°C may in some cases be a more
appropriate basis for calewlating the energy reguaned
Depending, on the base femperature used, the cooling
degree-days for St Paul wall be 369 wath 15°C base tem-
perature and 1,497 with 10°C base temperature.

As with the district beating system, the district cooling
sysiem will include different types of butldings wath differ-
ent psage patierns. The diversfication effect will be
smaller, though, because the main load will be from offices
and stores with ssmilar usage patterns.  Due to the more
uniform usage patterns and the lack of a cooling consump-
tion similar to the domestic hot water, the diversification
factor wall be hogher compared fo district heating  Very
little research has been done on diversification in district
cooling systems but a recent survey of 13 central chilled
waler gystems showed a range in diversafication factors
from 46% fo 100%, with an average of 82% and a median
of 36%, ¥4 Until more data are availsble, a conservative
diversification facter of 09-095 i recommendsd for
initial calculations

The cooling equivalent full load hours in St Paul are
estimated to average 1,100 for all indradual buildings in
51 Paul. This 15 a cautious estimate and the EFLH for
some individual buildings can be as high as 2 000 hours
With a diversificanion factor of 0.9-0.95 the EFLH for the
diszrict cooling, svstem is around 1,200 hours, Ths EFLH
will also be affected by the rate structure. A relatively high
demand charge will encourage customers 1o lower their
individual peak demands, thersby increasing the EFLH

An eshmated load duration curve for the sy@tem im 5
Paul, based on empincal data from opernng ooolng
systems in 5t Paul and Minneapolis s shown in Figure
£3 and represents | 200 EFLH.  As wath the heating load
duration curve, the cooling load duration curve for other
locations can be estimated based on meteorological data
such as monthly degres-days, design outdoor lempersiure
and degree-day-independent load such a5 compuler cool-
ing  Figure 5.4 shows the percentage of the annual
energy production thut can be supphed by cooling sources
of different sizes

For distnct cooling, hourly load profiles for the peak
“degign day” and for other load conditions 15 more impor-
tanl than the anmial lead curve for optimizing, the system
and deciding how 1o displace production squipment and
unlizng chillad water storage, as dwcussed further n
Section 5.4.1. Detailed analvsiz of the projeciad coingi-
dence of heatng and cooling loads, if usable daua are
avalable, can md signaficantly in gystem oplimization
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Figure 5.3 District cooling load durathon curve for 51 Paul,
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Figure 5.4 Energy distribution based on load duration in
Figure 5.3

The hesting and cooling load duration curves can then be
illustrated in the same graph, with the cooling peak a1 the
night side and the heating, paak at the lefi side, as shown in
Figure 55, (This 15 based on 120 MW peak heating
demand and 63 MW peak cooling demand, assumung a
mature heating market penstration and refatively low
cooling market penetration, A higher ratio of cooling 1o
heating would result from comparable assumptions regasd-
ing markel penstration. )



The implcations for CHP thermal load can then be
examuned. For example, Figure 5.6 shows the combined
thermal load curve assuming all cooling is prosvided with
one-stage absorption chillers.

Figure 5.5 Heating and cooling load duaticn curves
(heating peak 120 MW and cooling peak 63 MW

120 - -

a4 000 2000 3000 ei00 S000 BOO0 TOO0 800 ROOC
Houry. e e

Figure 5.6 Combened thermal load duraton curve based

on Figure 5.5 assuming one-stage steam absorption
ehillers

a3 MSTRIBUTION

The distnbution mediom in distnet cooling oystems @
penerally chilled water with a3 supply temperature aof
between 5 and 9°C and a return temperature between 12
and 13°C. Disinbution pipe diameters and pumping energy
fequirements can be redoced through distribution of lower-
temperature  water.  Further reductions sre  possible
through additives which depress the freemng point of
water, as described in Section 7.3

Research on the generation and distribution of ce slurmes
hoids promise for even more significan reductions in ppe
diameters and pumping energy requirements. e slurmes
are suspensions of small jce eryvstals of approcimatety 20%
by weight  An expenmental ice shlury district cooling
EVElem 5 now operating in Ottawa, Canada serving gov-
emment buildings ** Still unresolved are a vaniety of
technical challenges, mcluding avouding  plugging, i
branch lines in distict coohing distribution systems
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54  THERMAL STORAGE

Thermal storage can be an imponant straegy for optimiz-
ing a CHP/district heating/district cooling system by
increasing equipment utilization and masntaining a more
even CHP thermal load The following discuszsion 15 a
brief introduction io the basics of cool siormee and heaj
storags

541 Cool Storage

The vanaion berwesn maximum and minimum loads for
coaling is much gresier than for heating Building cooling
systems are wsually operated more on'off than heating
systems.  Duning nighttime when the ventlabion air 10 an
office can be shut off, the outdoor temperature is lower and
there is less nternal heat gain, so the cooling system can
be shut off. In contrasi, a heating system shll must be
operated 3t might  With the onolf operation of building
cooling sysiems, 3 moming peik can occur when 1he
buildings are coaled down before office hours However,
the cooling load profile for a specific symem depends on
weather conditions, types of buildings served, operation af
the building cooling sysiems and the distnct cooling
EYStSI) FAle StruCTre

Little actual dma is normally available o determine a
cooling lead profile for a district cooling system. A
cooling design day load profile is shown in Figure 5.7
with a daily average load of about 50% of the peak load
This load profile, with a relatively low load during night-
timee, is an aitractive candidate for stornge because of the
significant impaci of siorage on reducing, requirements for
expensive chiller capacity,

B ¥ 4 8 & W I 4 W th R I3 N

Heur of B day
Figure 5.7 GI-i:EBmﬂnn dasign day load profile
with possible storage

Metered dmta from 51 Paul and Vasteras, Sweden (see
Figure 5.8) show a flatter load curve with a higher average
load — upat T0-T5% of the peak load The high night losd
in Visteras can be parily attributed to customers with high
base loads such as hotels and stores with condenser cooling
of refngerators connscted fo the disinct cooling, system
For 5t Paul the high night loads are coincidental with days
tn which extreme humidity continees dunmnyg the nijght

i i 'S
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Figure 5.8 Design day load profile based on metered data

With a duly storage system, the installed chiller capacity
can be reduced by 23-30% depending on local conditions
Because chiller capacity is usually the single most expen-
swe iem an a distnet cooling system, the reducuon in
installed chiller capacity 15 the main benefit  Other
benefits are

¢  Beduced eleciric demand cost

*  Possibility of operating the individual chillers
closer 1o maximum efficiency,

& [n the spring and aufumn more "free cooling” can
be produced during the might when the putdoor
temperature is low enough, thereby increasing the
period for free cooling, and

= In integrated CHP/district cooling planis using
g0 turbanes, cool storage can also be used 1o boost

electric output through inlet cocling,

Cool sorage can be provided through storage of chilled
water, ice of ice slurry. Challed water 15 the most comiman

form of cool storage using concrete or sleel tanks to stare
chilled water generated with any pvpe of conventional
chuller. ‘Where space is available for chilled water storage,
the scomomies of scale for this technodopy can provide
significant economic advantages over ioe Slorage

Under normal conditions a chilled water storage tank is
always filled with water. Duning discharge, cold water is
pumped from the bottom of the tank and warm =tum
water i5 supplied in the top. Becauss of the hower diffes-
eniial tempersmre, the inlet and outlel waler velocines
mast be lewer compared to hot water storage to ensure thu
warm and cold water is nol mixed Due o the different
densities for warm and cold water a stable sirmification
can be obtained. Ay design conditions a volume of around
110 m? 15 needed to store 1 MWh with a differential

temperature of 350

The chilled water storage tank also can provide a fast
supply of feedwater to the system The sizing of the
feedwater trestment equipment can therehy be reduced
without having fo use unireated waler when bninging new
pips Sechiong nbo operation or afier a large leak  In
addition, it i possible 1o reduce the size of the main pipes
froem a chiller plant if some remote storage can be sited

T3

lce generation and storage 15 a well-developed technology,
and allows storage in a more compact space -— often a key
issue in urban environments. The volume required for ice
slorage is 4 1o 6 times smaller compared 1o chilled water
storage for the same energy storage capacity fce
storage also prowvides an oppportumity te reduce the
temperature of cooling distribution and therefore reduce
distmbution costs.  These advantages must be weighed
against higher capital and operating costs for ice-making
equipment compared to water chillers.  According o a
recent survey, the average capital cosis of 10e storage are
shout twice those of chilled water storage, and the snefgy
requiremenis are higher by aboul one thard 7

Ice slurry generation and disinbution offers many of the

same advaniages of ice storage relafive o compactness and
lower digtribution costs  However, this technodogy is sull

in the development stage
5.4.2 Hot Water Storage

Hot water storage is used in distnct heating svstems for
four mun purposes:

« To gain the ability to follow the elecinc
demand inetesd of the heating demand with a
CHP plant by stoning the heat produced dur-
ing peak elecine demands until nesded in the

heating svstem,

» To be able to extend the wse of cheaper heat
sources where the supply can not be adyusisd
to the heat demand and'or where low fusl
costhuph capital cost production (such as
sewage water heal pumps of bsomoss botlsrs)
ks aviulable.

# Toget a more even load, and thereby berer
technical and environmental performance, o
production equipment such as biomass bailzrs
and incinerators, and

¢« To provide pealang and back-up, thereby
reducing the investment in peaking and back-
up batlers.

Apart from above benefits, the water volume in the tank
provides a fast supply of feedwater to the system The
sizing of the feadwater treatment equipment can thereby be
reduced without having to use untreated water when waking
new pips sections inio operation of after an large leak

Undear normal conditions the storage tank is always filled
with water. Dunng discharge warm water is pumped from
the upper level of the tank and cold rewrn water is sup-
plied in the botlom. The inlet and outlet water velocities
miust be low enough 1o énsure thal warm and cold water
are nof mixed Dz to the different densities for warm and
cold water a stable stratification can be obtained.

Pressurized tanks are expensive in sizes thad are appropn-
ate for hot water storage systems for larger disinict heating



systems.  The storage tanks are mnstead usually budlt as
atmospheric tanks, which in practice limits the maximum
temperature in the tank to below 90°C.  With a retum
tempersture of 75°C of design condinons, a volume of
around 45 m? is needed 1o store 1 MWhy, As low a
retur lemperature as possible s eritical for the sconomy of
a Horage system -8

Duee to the pressure difference between the atmosphenc
tank and the distnct heating network 11 i85 quite commeon 1o
install a combined pump and lurbine 19 be able 10 regun
some of the energy that has to be used to pump the water
from the tank o the district heating syslem A steam
blankel on 1op of the tank is also advisable to mimmize the
availability of oxyvgen to the water

Because of the limited energy that can be stored per colne
meter, hot waier tanks are usually designed as daily stonige
tanks In cerimn cases. where lower return temperaiunes
can be obtmned, rock caverns have been used for weekly

and annual energy stotage. >

Deaily heating load profiles wall vary depending on the
climate and mix of buildings on the system.  In Figure 2.9
a daily district heanng profile is shown based on the
digtrict heating sysiem in S5t Paul, 3 downiown district
heating systsm serving, primarily offices, stores and hotels
Some apartment buildings with higher domestic hot water
uskge are also connected, but the morming and afiernoon
peaks can more probably be explained panly by retum
from night sethack of the space heating and panly by
domestic i water usage in hotels However, even with
mare apanmenis connecied o a systam the profile does oot
change very much The domestic hot waier usage will
mcrexse slightly and the night sethack will probably

decrease.

Based on the daily load profile, the peak demand could be
reduced by around 10% with hot water siorages However,
use of hot vaer siorage for a district heating and cooling
system will not be decided bosed on the possibility of
reducing the heating pesk demand so much as on the
ability to wransfer heat from bass-loaded CHP planis,
prodduced at peak electne demand penods, to other periods
of the day or week with higher heating demand
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Figure 5.9 Daily load curve for heating in St Paul, USA
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Chapter 6

Integrating District Cooling and CHP

6.1 INTRODUCTION

Thus chapter addresses the energy efficiency and economic
implications of allernatives for integrating district cooling
and Combaned Heat and Power (CHP).  Throughout this
chapter. references will be made 10 the major approaches to
distributing cooling energy a8 described and illustrated in
Section 1.2

Section 6.2 compares the efficiency of cooling/CHP
technology alternatives, based on maximizing cooling
production under the technology assumptions presented in
Chapters 3 and 4 Efficiency comparisons are not mads
on the basis of fotal annual epergy outputs (electricity,
heating and cooling) As discussed in Chapter 2, a
conmstent “figure of mem” for companng the energy
efliciencies of different options for combiming CHP and
cooling is problematic because each option, employed in a
given circumstance, will produce different  anmual
quantihes of elecincity, heating and coolhng — Efficiency
compansons based on summing these thres types of energy
outputs wall be misleading because they ignore the
differing qualities of electricity, heating and cooling,

Similarty, environmental performance of CHP/cooling
cominations cannol be expressed as emissions per unit of
total energy ouipud, for the reasons jusi summarized, In
addition, the air emissions performance 15 highly case-
specific and is driven by the CHP technology  Therefore,
this chapter does not further address emvironmental
impacts.  The generalized informaton presemied in
Chapters 3 and 4 on CHP air emissions and chiller
refrigerant impacts can be used in initial evaluations of the
ervinonmental implications of cooling/CHP alternatives

Section 6.3 describes how the ecomomic amalysis of
cooling/CHF aliernatives can be structured. discussas the
influence of key variables and presents formulas for
calculating the costs of cooling integrated with CHP.

Section 6.4 presents illustrative hypothetical scenarios for
miegrating, district cooling with CHP, using the economic

formulas

Section 6.5 summarizes key findings regarding the energy
efficiency and economics of the illustrative scenarios

6.2 ENERGY EFFICIENCY

6.2.1 Assuimpliens

This section compares the efficiency of cooling/CHP
technology alternatives based on maximizing cooling
production under the iechnology assumptions previously
presented.  Efficiency comparisons are not made on the
basis of annual outputs of electricity, heating and cocling
for the reasons discussed in Section 6.1 In the following

calculations, all elecine and thermal output from CHP 15
converted to coohmg  The net heating is ol water i
available at 10T5%C. wath a hot waler econdmizer
assumed in all cases except steam turbine CHP.  {Steam
mrbing CHP was assumed 1o be fueled with ccal, so
reduction of the stack gas temperatune with an eoonmMIZET
would not be demrable due 10 acd dew paint concerns §
Thermal extraction conditions are s summanzed m Table
6.1, consastent with Chiapiers 3 and 4

District heating HINTEC
Steam turbing drive chiller 11 bar steam
Hot water absorphan chiller 2
1-stage steam absofpbion chiller 2 bar steam
2-stage st=am absorphion chilles B bar steam

Tabbe 6.1 Summary of thermal extraction temperatures

6,2.2 Simple Cyele Gas Turbine CHP

Figure 6.1 shows that maximum cooling outpul from
simple cycle gas turbing CHP 15 providad wath & combi-
nation of two-stage absorption plus electric dnive chillers
With a simple cycle, the higher-temperature heat-dnven
chillers provide a higher output than the lower-temperature
options, with the least cooling output provided with all
electric chillers. However, as discussed in Chapter 2, a
simple cycle can be considersd a thermodynamically
suboptimal design for a new power plamt

key data used 1o generate the figure are shown in Table
6.3, In Tables 6.2-6.5, the following symbols are used for

chuller ypes:

Elec. = Electric chillers only
ST+E = Steam furbing drve plus elecine
HWA+E = Hot water absorption plus elecinc

18A+E = |-stage steam absorption plus elecine
Z5A+E

= D.glage steam absorpiion plus electric

C Mot e
B Pars poapding

Figure 8.1 Simple cycle gas turbine CHP with maximum
caaling production
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Table 6.2 Simple cycle gas turbine CHP with masmum
cooding praducion

6.2.3 Diesel Engine CHP

Figure 6.2 shows that net cooling with gas disse] engine
CHP iz the highesm with a combanation of hol water
absorption and electric drive chillers, although the output
is barely above that of mwo-stage absorption plus eleciric
drive chillers. Lower-temperature heal-driven options
compare favorably with diesel CHP than with gas urbine
CHP because the temperature of the thermal output of
dicse| engines 13 more limited comparsd 1o the gas turbane
Cwerall, the differences between the chiller scenarios ane
ghight. As vath the simple cycle gas turbine, the least
cooling output s provided wath electnic challers, but this
optton provides more 100°C disarct hot water.  Kev data
ussd 10 generate the figure are shown in Table 63
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Figure 6.2 Gas diesel engine CHF with maximum cooling
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Table 6.3 Gas diesel engine CHP with masimum cooling
624 Steam Cycle CHP

Figure 6.3 shows tha net cooling with the reference sism
cycle CHP iz the highest with electric drive chillers. Thas
is due 1o the electric derate which occurs when thermal
enerEy is extracied for heat-driven chilling In general, the
cooling outpul 15 imversely related to the tempersiure of
thermal extrachon, which 15 the opposite of the sumple

cvche gas turbine and diesel engine CHP. Key datn used 1o
genzrade the figure are ghown in Table 6.4,

ﬁmm
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Figure 6.3 Stearn turbine CHF wiih madmum cooling
production
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Tabla 6.4 Steam fturbine CHP with maximum cooling
production

6.2.5 Combined Cycle Gas Turbine CHP

Figure 6.4 shows that gas turbine combined cycle CHP
results in the same ranking of chiller technologies as
shown for steam tuibine CHP, alihough the differences
between chiller technologies are much smaller than fior
steam turbine CHP. With a thermodymamically optimuzed
new CHP plani imaking use of gas turbime exhausy
iemperatures through 8 combined cycle), the loaser-
temperature chiller technologies generally show a hugher
output than higher-temperature options,  Key data used 1o
generate the figure are shown in Table 6.5
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Table 65 Gas fturbine combined ecycle CHP with
manmum coaling production

6.26 Comparison of CHF Techmologies For Cooling
Production

Figures 6.5-5.9 illustrate the compamtive efficiencies,
when maximizng chilled water production, of ithe CHP
technologaes when combined with elecric drive, steam
rbine drve, bol water absorphion, one-stage sieam
abzorption and two-siage steam absorpiion, respectively
These data are the same as presented in Figures 6,1 - 6.4,
using the assumpiions summanzed i Section 6.2.1, but
are soried by chuller wechnology rather than CHP technol-
ogy and show the split between electne-drive cooling and
heat-dnven cooling for each technology combination.

Followang is the legend for Fipures 6,.5-6,9

CHel heating
B Electric saaling

I Thermal cooling

The following generalizaton holds troe for afl chillsr
techivologres: ipas turbing combined cycle CHP provides the
hghest met cooling for any of the chiller technologies,
followed by desel engine CHP and pas turbine simple
cvele, with steam turbine CHP prowviding the lowest
cogling output.  The advantage of the pas orbine con-
bined cycle 15 generally highest wath electric drive chillers
For the heat-dniven chiller options, the advantage of the
gas urbine combined cycle 15 generally greater for lower-
temperature chiller drving energy
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Figure 6.5 Comparative efficiencies of CHP combined
with electric drive chillers [(maximum chilled water
SCENarkss)
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Figure 6.6 Comparative efficiencies of CHP combéned
with steam furbine drive chillers [(maEsamum chilled whater
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Figure 6.7 Comparative sfficiencies of CHP combined
with hot waler absorption chillers (maxdmum chilled water
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Figure 6.8 Comparative efficiencies of CHF combined
with one-stage steam absorption chillers  (maximem
chilled wales scenanios)

Litarw trmre tr;'i
Figure 8.8 Comparative efficiencles of CHP combined

with two-stage steam abscorption chillers (maxirmium chilled
walel Soenarios)



6.3 ANALYSIS OF COOLING/CHP OPTIONS
6.5.1 Distribution approaches

Chosee of the opuimal svaem in 3 spacific arcumstance
will require more that a comparative analysis of CHP and
chiller technologies for generating cooling A related
fundamental choice 15 determining the approach to enengy
distribution for cooling  Although distmibution costs are
ot within the scope of this repart. they are ortical 1o a
complete analysis of cooling options.  Muor nypes of
distrniunon approaches were imtroduced and i1lustrated in
schemanc form i Section 1.2

6.3.2 Calculating the cooling cosi

This section presents @ formula for calculating the net cost
of cooling in new CHP/cooling planis being integrated
with distncy heating systems.  In the formula, the o
annual coms of owning and operating the CHP and chiller

Formula

facilines are calculated under 4 given assumphon for the
price of fisel. Revenues from sale of electncity and distnct
heat based on given assumptions offeet 8 portion of the
costs  The remaining cosis are then allocated to the
cooling production o determune the net cost per umi of
cooling outpul  Other approaches are possible, such
assigrung the nel costs of CHP (afier electnic revenuss) 1o
heating, and cooling according (o the amount of energy
used However, in addition to the problem of differing
exergy values for heming and cooling isee Chapter 2, the
value of the beat 15 woually relatively inflexible

In contrast 1o the “greenfield™ sstuanons addressed in this
mepot, evaluation of CHP andior coohng alternatives
within existing CHP and‘or cooling facilies canm be

strongly affected by the sunk costs and performance

charactenstics of the exisiing, equipment

The cosi of cooling can be calculaied as follows

Cost of cooling production { centskWh_) =

{CHP amormzation cost + fuel costs + CHP non-fuel operating, cosis
= glectricity revenue - heat revenue < chiller amortization cost
+ chiller non-energy operating cost) / cooling outpat in KWh,

Symbaols for each formula element and subssdiary formulas fiollow

Symbaols for each formula element
Basic values A
B
C
Plant sizing D
E
E dica F
G
Cagneal costs H
J
K
L
M
Bfficinci I N
F-
R
5
Crperating costs 5
u
v
W
Y
frd

Fuel price {cents&'Wh foel )

Value of electncaty (cemskWh,)

Value of heat (cents®Whyy)

Suze of CHP plant (MW, in district heating, mode)
Size of chiller plant (MW}

CHF total Equivalent Full Load Hours

Challer Equivalent Full Load Hours

Capital comt of CHP plant (%W, in dastrict heating mode)
Capital com of chiller plant ($&W,.)

Real interess rate (%)

Capitalization period (vears)

Capital recovery factor

Cooling output in k'Wh,

Thermal cutput used for heatong (KWhg,

Electnc efficiency in CHP mn distnict heating rmode
Electric efficiency in CHP in distnct cooling mods
Chilller electricity use (K'Whk'Wh,)

Mumber of Full-Time-Equivalent plant seadf
Labor cost per Full-Time-Equivalent ($/vear)
CHP O & M costs (cents’kWh,, in district heating mode)
Chiller water/chemical costs {centskWh)

Chiller mainienance costs (Wk'W . par year)



Subsidiary formulas
Formulas for key cost componems are

Capital recovery factor (M) = K x {1+ Kb/ [(1+ K- 1)

CHP amamizatan cost = (Ex Hx 1000 x B/ 5)

Fuelcosts = AxDxF X 10/5

CHP rioni-foel operating costs = (LU x Vx R/ )+ (WxDx Gx lOx R/ 5)

Eleetricity revente = [ (Dx Fx S/R)-(NxTi]xBx |10

Heat revenue =P« C % 10

Chiller amormization coft = E x 1000 x Jx M

Chiller non-energy operating cost =(Nx ¥ x 100+ (Z x Ex 1000}

633 Key variables

The efficiency. environmental and economic implications
of alternative configuranions for integrating, cooling with
CHP wall vary depending on many ste-specific factors,
ineludimg

| cooling and heating peak demand and
utilization hours,

2 economic variables, incloding types and
costs of fuels and the valuss of slectnicily
and heat,

3 characteristics of the CHP and chiller
technolngies,

4 temperature and other characterigtics of
the district heating system,

5 site-related design factors,

L] type and size of thermal storage, and

T emvironmental restrictions.

Cooling and heating demand and wtilization

Cooling, and heating peak demand and wtilization houwrs
must be established from site-specific data It is important
o examine the specific characteristice of the buildings
expected 10 be connmecied to the disrel cooling system
Buildings which opt for disirict cooling may 12nd to have a
higher cooling load than sverage cooling data might imply
ie.r, office bmldings comparsd to & mix of baildings
including resadential buildings;

The tvpe, age and specific coohng sysiem characteristics of
the uldings also affects ihe chilled water emperature
difference.  If a substantial portion of the long-term
cooling load wall come from newer bunldings, the potential
for a relatively high system-wide chilled water temperature
difference increases the feasibality of chilled water distn-
bution (as opposed 1o dimnict-heat-driven options) by
reducing the saze af chulled water distnbution pipes

L]

The density and pattern of likely coaling load are also
felevan). For example, a high cooling load within 2 small
area increases the feagibility a central chilled water plant
In contrast, if the likely cooling loads are dispersed in a
lasge area served by a district heanng system, dispersed
absorption may be an attractive choice  IF near-term
cooling loads are somewhat divided peographically fan
substantial markst panetration i3 expected in the long term,
the decentralized districi-heat-driven  chilled  water

approach may be appropriate

The summemme heating demand and the temperature of
summer heating send-oul (discussed further under "Distrct
heating svstsm” below) are also relevant becauss they
affect the degree of synergy of CHP distnet heanng and
cooling, If large amounts of low-temperature disrict heat
can be used, CHP utilization can be increased and effi-
ciency can be improved by making productive use of low-
temperature heat which 8 pot recoverable for cooling
purposes. Te the extent that operation of the CHP plant in
district cooling modes produces byvproduct thermal enargy,
the allocation of costs can be adjusted to credit the cooling
side for this production

Cooling and heating loads must be characterized, through
load duration curves a8 discussed in Chapter 5 andior
analvsis of the seasonal range of the hourly load profiles,
in sufficient detail 1o enable estimation of the size and
coincidence of cooling and heating loads  The relative size
of heating and cooling demand affects the feasibility of
using district-heat-driven absorption, as discussed in
Sectisn 4.6, The size and shape of the cooling and heating
load profiles will affect the siang and unlizaton hours of
the CHP and chiller facilities and the amount of CHP
thermal cutput used for heanng



Economic variables
Fundamental soonomic factors includs

1. the avalability and cost of fisel alternaties,
. the value of electnicity,
i the value of heat supplied from a CHP facility to
the district heating system; and
4 the cost of capital

In a specific sration, the vahees of electnory and heat can
be separated im0 wo components: capacity (the amlity o
relinbly mest a peik demand) and energy.  Although in
this report the ecosomic values of electnicity and heai have
been treated s a single valwe, for a detmled specific
analysis the values must be based on the actusl case-
specific economic valoes, which ot least for slectneity
generally requires separation into capacity and ensrgy
COMPAOTIETIS.

To the extent that the new CHP facility under considers-
mon has higher running costs during certun Operating
hours compared fo other available electnc generation
plants, this should be reflected in the valoe pad for the
electneity generated in the CHP plant

Far all sconomic analyses in this report, the cost of capaal
iz based on an interest rave of 8% over |5 years.

CHF and chiller wechnologies

The particular CHP and chiller technologies under study
will obviously have significant implications for perform-
ance and cosis, as presented in Chapiers 3 and 4 CHP
costs related 1o CHP performance in distnct heating meode
must be adjusted to reflect the impact oo electnic efficiency
when operating in district cooling mode for the given
chiller rechnology There are no such impacts with gas
urbine and reciprocating engmne CHP, but there are
significant impacts with steam turbine CHP and, to a lesser
extent, with gas turbine combined cyele CHP

District heating system

Key characterigtics of the existing district heating system
which are relevant to the analysis of CHP/cooling alterna-
tives include

1 the ouwiment swmmer temperature of the disrict
heat, and the potential to increase the tempera-
fure

2. the cost, efficiency and environmental impacts of
exCess summariime heaiing capacity,

3. the geographic extent of distribution piping. and

4 the size and type of existing plant fcilities.

There are significant vanations in recovery lemperatures
requined for district heating systems in the member coun-

tries of the [EA Distnct Heating and Cooling, Implement-
ing Agreement, from the low supply temperatures used in
Denmurk and Holland { rypically ®0°C, but can be as low as
07T to high supply temperatures used in Germany (up to

130°C) and North America (as high as 180°C), The sizing
of the THP plant will also affect the level of recovery
temperature.  If the CHP plant 15 supplving less than the
peak demand, it is possible 10 reduce the CHP recovery
temperature balow the level requured at peak conditions, &
has been assumed i this report. (5ee Section 3.2 )

Under the nght carcumstances, an increase 1t the summer
distrct heating temperature can be the best approach 1o
providing distnct-heat-driven cooling.  For example, in the
case of Gothenburg, Sweden (Section 7.1), the summer
operating, femperature of the distnict heating svstem lios
been increased in order to reduce absorption chiller
investmient cosis. This was acceptable from an efficiency,
environmenial and economic standpoant due o the
Ditem's access bo & vanety of waste heat sources

The recoverable heat from CHP equipment varies depend-
ing on the hex mnk 1emperaure from the dimno energy
gvstem, with the amount of recoverable heat wsually
increasing as the recovery temperature decreasss  With
reciprocaing engines and gas rurbines, the slecine effi-
ciency is unchanged for different heat supply 1emperatures
whale the total efficiency decreases with increased hem
supply emperature  In contrast, the electnic efficiency for
a feam furbine decremses wath ancressing heat supply
teimperanere while the wotal efficiency 15 unchanged

Sie-related design Tactors

Of the many possible site-specific design factors, several
deserve particular mention.

| avulpble hest sinks for condenser codhing and
"free cooling.”

2. ambient temperatures under which CTHPcooling
will be operated,

3. space available in streets for popeng,

4 space gvailable Tor plams and'or thermal sorage,
and

5 local codes or ether constramnts

The avaulabality and rempersture of heat sinks for con-
denser cooling and wantertime “free cooling” (cooling of
the district chulled water loop solely through heat exchangs
with the condenser water) can have a significant effect an
costs and efficiencies.  Access 10 low-temperature heat
mnks such as nver, lake of ofean waler can mprove
efficiancies, 'With dispersed absorption chillers, the design
condenser water lemperature can vary due 1o space
limianons and other constramnts fod local building cooling
towers (e, notse or esthetichambility concerns due to
cooling tower dnfty, Thess constroints may resulf in
higher condenser temperatures due to inappropriately sized
coobing towers, which would reduce the capacity of the
chillers

in a site-specific evaluation i1 i imponant 1o consider
performance at acheyd ambient temperaires during which
most of the cooling/CTHP operations will take place
Technology choices can be affected because of the impact
of inler mir tempersures on gas harbane  performance



Design modifications may be approprate, such as boosting
power output by chilling gas wirbine inlet air, enther
cooling directly on a baseload basis or indirectly through a
thermal storage system

If streets are crowded with below-ground utilities, subways
ar other obstructione, installation of chillsd water distribo-
tion pipes may be expensive or practically impossible In
such circumstances, a district-heat-driven cooling sysiem
may be the best approach.  Space avalabdity for plant
facilitees, 0 addstvon to the peographic partern of cooling
load, affect the degree of centralization of the approach
wsed for distributing cooling emergy, and this in um
affects technology choices  For example, for widely
dispersed small cooling loads which canmod be femibly
served via  distnct-heat-driven  absorption, the most
cconomecal CHP option may be small reciprocating
engines.

Finally, sate-specific local codes or other local considera-
nons, such as those discussed above regarding coohing
towers, may affect a vanety of design factors.

Thermal storage

Ag discuszed in Chapter &, thermal slorage can improve
the economics of CHP and cooling, and bot water storage
can affect overall CHP economics  The fype of cool
storage medium {chilled water, 102, tce shurry) will affect
the size, performance and costs of chillers

Environmenial
Koev emaronmental factors include:

I emission standards for vanous power plant tech-
nobogies and foels,

1 restrictions affecting the availablity and use of
ozone-deplating refrigerants, and

3 local codes (g, restrictions on ammonia chill-
ers)

6.4 ILLUSTRATIVE SCENARIOS

6.4.1 Darrodee tion

There is an entrmous range of economic and 1echnical
conditions under which integrated cooling/CHP could be
implemented, and o case-gpecific analysns is essentinl
Hewever, in order to illumams some of the swrengihs and
weaknesses of pamiculyr configurations, the following
fcenarios are presented, illusrating the possible results
under 3 vanety of asumed conditions for the facility size
range emphasized in Chapier 3 — CHP planis with an
electric generation capacity of 20-25 MW,

It 15 important 1 note that this chapter provides a
consistent s&t of analyses, using the CHP and cluller data
presented earlier in this repon, of conceptualized new
CHPcooling facilities mtegrated with an existing distnict
heating, system.  Integration of distnict cooling with an
exsting CHP system is highly dependent on many
additiongl  site-specific  conditions, incleding  “sunk”
investments and performance charactenistics of the existing,
squipment

6.4.2 Heating and cooling load assumptions

Heating, and cooling, load assumplions were developed for
thres llustrative chimate conditions as summarnized in
Tabke 6.6, The CHP utilization assumphions are
tlustrated in Figure 6,00, The relabonships between
heating and cooling, peak demand were fixed a5 shown,
and amounts of heating and cooling, energy were derved
from calculations of CHP Equivalent Full Load Hours
(EFLH) based on load duration curves shown in Figures
6.11-6.13. CHP was assumed 1o provide 50% of the ot
heating demand for all climae scenanios except the
"warm® climate. CHF was assumed to provide 50% of the
total cooling demand for all scenanos, even in the "cold”
climate, in order o manian a reasonably economicl
utilization af the heat-drven chiller capaciiy

Heat with a temperature of 100775°C which 15 not usable
for cooling production in CHP cooling made was assumed
b be used to offset heat that othersase has 1o be produced
in CHP heating modes In cases where thermal dnve
chillers cannot provide enough cooling capacity to satisfy
the assumed ratio between heating and cooling. elecinic
drive chillers are usad to make up the difference. In cases
whiere the CHP is not fully utilized during the cooling peak
for cooling produchion, the available extra CHP capacity is
assumed to be utilized for condensing, power production
Based on the capacity value of eleciricity in a specific case,
a plant might be operated differently and therefore provade
different econcmic resulis

Lise of chilled water storage has not been applbied in the
calculations Chilled wafer storage wall ruse the
utilization of chiller capacity However, the annual sffect
af storage is difficult to calculate on a generalized bis



Cold_| Medium | Warm
Total heating and cooling loads (EFLH)

Heating 2s00| 2200|1000

Cooling a00|] 1200 2000
Heating peak relatve to cooling peak 200%| 00%| s0%
CHP producton of heating peak S0, so%|  100%
CHP of coali S0% So%| S0%
Calcutated CHP EFLH

Heatng 4740 4000| 1000

Coaling 1650 22200 3330

Total g300] &220] 4330
Chiller EFLH 1650 2220 330

Table 6.8 Load and wtilization assumpbons for climate scenanos

O 8 o

CHP Equivalent Full Load Hours

SETEYEE

Figure §.10 CHP utiization assumptions for climate scenarios
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Figure 5,11 Cold climate heating and cooling load durabion curves
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Figure 6.13 Warm climate heating and eooling load duration curves

For a given climate condition and CHP technology, the net
cooling production and the CHP heating production are the
same for each chiller technology combinad with that CHP
technodogy.  In many of the scenanios for heat-driven
cooling, some electric drive cooling is required in order 1o
produce the same net cosling ouipud for comparison with
the other scenarios  Supplemental electric drive cooling
wis generally pot required or was minimal for the cold
climaie sceparios.  Some supplemenial eleciric dnve
cooling was required for the medium and warm clhimate
scenanios, particularly for the gas murbine and diesel engine
scenanos and for combinabons incloding one-stage steam
sbsorption or hot water abeorption. The net elsctricity
varied slightly depending on how much electricity was
used in order to produce additional cosling as required in

£S

arder to ensure that the cooling production is equal for a
iven technology companson

It is important 10 note that, as discussed in Section 633,
the values of electnicity and heat can be separated inio two
componenis: capacity (the ability to reliably meet o peak
demand) and energy. The different technology combina-
tions will vield different levels of electiic expart capacty al
peak conditions, and this will affect the capacity value of
the exported electnicaty in specific cases. However, in these
peneralized comparative analyses, the sume single value
for exported elsctricity has been assumed. 11 18 imporant
to evaluste the capacity value of electricity exports, which
can only be dofe on a case-specific basie.



The following scensnos are based on the assumphons
summarized in Table 6.7

Scenario  Climate  Heal Electric Patential

walue value for districi-
(efkWhy,)  (e/kWh,)  hest-driven
absorption

1 Medium 128 300 Mo

2 Medium 1,25 4.00 e

3 Warm 1.25 3.00 Mo

] Warm 125 6.00 Mo

B Cold 2.50 300 s

;] Coid 250 5.00 +fes

T Medium 250 4.00 es

B Medium 250 5.00 Yes

Table 6.7 Scenario assumplions

643 Scenario 1 Medium chimate/central chilled
water/low heat and electricity valoes

Heat and elsctncity wvalues were assumed fo be 123
centkWhyy, and 30 certsk'Wh,, respectively.  The
comparanive analysis shows that gas turtbine CHP wath
glecine dnve chillers provided the lowest cooling costs
Figure 6.14 compares the cost per kWh of cooling using
the four maper CHP technologies combined with electne
drive chillers. Steam turbing CHP can compets with the
gas turbine using 1.0 centk'Wh fuel if solid fuel with a cost
below 025 cent®Wh can be obtained for firing the steam
turbine boiler

Figure 6.14 Scenano 1 cooling costs with electric dnive
chillers combined with variows CHP technologies

The ot differonces bebaeen the chiller types when
comimnad with gas turbine CHP are very small, as sum-
marized 10 Table 6.8 under the assumption that fuel cosis
1 6 centicWh

Table 6.8 Scenano 1 cooling costs (cemts/Kihe)
for chiller fechnologies combined with gas hurbine
CHF with 1.0 centVh fued

However, the cost differences between the chiller types
when combined with steam furbans CHP are more sygmfi-
cant, as shown in Figare 6.15 for a range of fuel costs

oo 03 18 LR]
Cond o fum oerR iR

Figure 6.15 Scenario 1 cooling costs (centskihe) for
chiller technologies combined with steam turbene CHP

44  Seepano 27 Modiom climateicentral chilled
waler/low heat value/high electricity value

This scenario is the tame a5 Scenanio | except that the
electricity valug has been increased to 4.0 cemisk'Wh,
The comparative analyve:s shows that g wrbine combined
cvcle CHP with ebecinic drive chillers provided the bowess
cooling costs at a fuel cost of 1.0 cent/kWh  Figure 6.16
compares the cost per K'Wh of codling using the four magor
CHP technologies combimed wath elecinc drve chillers
At fuel costs above 1.3 centskWh, the simple cycle gas
furbine becomes the |owesi-cost opiton.  In this scenano,
sohid fuel for finng steam turbine CHP must be availabée at
zero cosl in order to competz wath gas turbine comimnad
cvcle uang fuel costing 1.0 centkWh
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Figure 6.16 Scenaro 2 cocling costs with eleciric drive
chillers combined with vanous CHP technalogied

In Scenario 2. the cost differences between chiller tech-
nologies combined with the lowesi-cost CHP opoon are
larger than is the case in Scenano 1, as summanzsd in
Table 69 under the assumption that fuel costs |0
centkWh  These cost differences are shown in Figure
617 fior a range of fuel costs



Table &9 Scenaric 2 cooling costs (cemtsWhe) for
chiller technologies combined with gas turbine combined
cycle CHPE with 1.0 centkiWh fuel
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Figure 6.17 Scenano 2 cooling costs (cemtsK\Whe) for
chiller technologies combined with gas turbehe combined
cycle CHP

Figure 6.18 compares the cosi per kK%Wh of cooling using
the most competitive heat-driven chiller option {one-stage
steam absorption) coupled with the four mayor CHP
technologies. The “cross-over™ point, at which gas turbine
CHP becomes lower cost than gas turbune combined cycle,
is @ a fuel comt of about 0.3 centkWh
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Figure 6.1 Scenasic 2 cooling cosls with one-stage
steam absorption plus electric drive chilllers combimed with
various CHP technologies
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4.5 Scemario 3: Warm climate/central chilled
water/low heat and eleciricity values

Heat and electnicity wvalues were assumed o be 123
contkWhyy, and 3.0 centskWh,, respectively. The
comparative analvsis shows that gas turbine CHP wath
electric drive chillers provided the lowest cooling costs
Figure 6,19 compares the cost per kWh of cooling using
the four major CHP technologies combined with elecinc
drive chillers. Sensitivity of cooling costs 10 changes in
fuel cost is lower in the warm climate comparsd to the
miedium climate because net CHP costs are spread over a
lorger nacmber of codling utilization hours.  Steam nufbane

ar

CHP can compete with the gas turbme using 1.0 centkWh
fuel if solid fuel with a cost below approximaely 0.13
centkWh can be obtuned for finng the steam furbang

-1 oa 1B 1%
Comt of sl (perinidly

Figure 6818 Scenano 3 cooling costs with electnc drive
chillers combined with vanous CHP technologies

The com differences between the chiller types combined
with gas turbine CHP are very small, as summanzed m
Table 6.10 under the assumption that fuel coss 1.0

ceabk Wh
40
Steam furbene 4.3
i-stage absorphion 4.1
& absotphaon &2

Table 6.10 Scenario 3 coofing costs (cemdsklyho) or
chiller technologies combined with gas twbine CHP with
1.0 cent/kWh fuel

However, the cost differences betwesn the chiller types

combined with steam turbnne CHP are more significant, as
shown in Figure .20 for a range of fugl coms
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Figure 6.20 Scenaric 3 cooling costs (cents/kiWhc) for
chiller technologies combined with steam hurbine CHP

646  Seenarin 4@ Warm climate’central chilled
water/low heat valuehigh electricity value

This scenano 15 the same as Scenario 3 except that the
electricity valoe has been increased 1o 60 centakWh,
The comparative analysis shows that gas turbine combined
cyvele CHP with electric dove chillers provided the lowest
cooling costs. Figure 6.21 compares the cost per k'Wh of
cooling using the four maper CHP 1echnologies combined
with eleciric drive chullers. Note that 6 this stenano



steam fturbine CHP cannot compete with gas murbine
combined oycle CHP unless gas fuel costs over 14
centskWh and sobid fuel for finng the steam furkine
boilers has zero cost

gz i : B——
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Figure 6.21 Scenario 4 cooling costs with electric drive
chillers. combined with vanous CTHP technologlies

Unlike with simple cyele gas turbine CHP, with gas furbine
combined evele CHP the electric drive option has a lasger
cost mdvantagre over the other chiller ophions, as summs-
rized in Tahle 6.11 under the assumption thai fuel costs
1.0 centkWh. These cost differences are shown 1o Figure
6,22 for a range of fuel costs

Electnc o7
Steam twrbine 20
1-swapge absorption 1.6
2-stage absorption 1.6

Table 6.11 Scenario 4 cooling costs (cenis/kWhe) for
chiller technologies combined with gas turbine combined
cycle CHP with 1.0 cent/kWWh fuel

Conl o toolirg d e daNiVhe )
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18 e

Figure 6.22 DScenano 4 coohing costs (cenba/KWhe) for
chiller technolofies combined with gas turbine combined
eycle CHP

Figure 6213 compares ihe cost per kWh of cooling using
the most competitive heat-driven chiller option (rwo-stige
steam absorption) coupled with the four major CHP
technologies The “cross-over” point, at which gas turbine
CHP becomes lower cost than gas turbine combined cycle.
is at a fuel cost af about 1.3 cente/k'Wh
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Figure ©.23 Scenario 4 cooling costs with two-stage
steam absorption plus skecthic dive chillers combined with
various CHP technologies

6.4.7 Scenario 5: Cold climate'high heat valoelow elec-
tricity value

Heat and electnoity values were assumed to be 1.5

cemiskWhyy, and 3.0 centakWh,, respectively. In this
case it is assumed that o well-developed dastrict heatimg
syetem offers the possibality of dispersed absorplion or
decentralized district-heat-dnven clilled water approaches
as alternatives to centralized chilled water

The compuraiive anabysis shows thal, for centralizsd
chilled witer distnct cooling, gas turbine CHF with elec-
ing drve chillers provided the lowest cooling costs
Figure ¢.24 compares the cost per k'Wh of cooling using
the four major CHP technologies combined wih elecine
drive chillers. Inm the cold climate, costs increase steeply
with imcreasing foel costs becanse the increasing fusl cost
burden 15 carmed by relatvely few cooling whilizaton
hours.  Steam turbine CTHP can compete with the gas
turbine using 2.0 centakWh fuel if solid ol with a comt
below approximmely 1.2 centskWh can be obtmined for

firing the sizam turbine boiler
)
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Figure 6.24 Scenanc 5 cooling costs with centralized
electric drive chillers comblined with various CHP fech-

nodogies

The cost dhifferences between the chiller types for central-
ized distnel cooling, are relatively small, as summaroed 10
Table 602 under the assumption that fuel costs 2.0
centekWh



Elecine 123
Steam turbine 130

1-stage absorpbion 127
[2-stage absodphiah 12.9

Table £.12 Scenaric 5 cooling costs (cents/KWhe) for
centradized chiller technodogies combined with gas turbine
CHP wath 2.0 centakWh fued

However, the cost differences berween the chiller types,
when combined with steam turbine CHP, are more signifi-
cant. as shown in Figure 6.25 for a range of fuel costs

B0 9F D4 BE &E 18 13 14
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Figure §.25 Scenano 5 cooling costs (cents/kWhe) for
chiller technodogies combined with steam turbine CHP

Frgure 6.26 compares the cost per K'Wh of cooling using
dispersed chillers (hot water absorption plus ebectnic drve
chillersi coupled with the four magor CHP technologies
The cost of cooling, with the dispersed approach, assuming
2.0 centskWh fuel, is 148 cents'kWh, compared to 12.3
cents for the centralized chillad water approach.  This cont
differential of 2.5 cents/kWh, must be weighed against the
costs of constructing a chilled water distribution system
The deceniralized digtnici-heat-driven chilled  water
approach would significantly reduce, although not elimi-
nate, cosis for chilled water distnbution.  However, the
chiller plant-related capital costs would be lower compared
1o the digpersed absorption approach, as discussed in
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Figure 6.26 Scenaria 5 cooling costs with despersed hot
witer and electric drive chillers combined with vanious CHP
technologles

648 Scenario 67 Cold climate/high beat valoehigh
electricity value

This scemanio 15 the same a5 Scenario 5 excepl that the
electricity value has been increased to 5.0 cemakWh,
The comparative analysis shows that with this increase in
the valus of electmcity the gas turbine combined ovcle
barely overiakes the simple cycle gas turbine as the CHP
technology which, combined wath electric drive chillers,
provides the lowest coaling costs

Figure 6.27 compares the cost per kK'Wh of cooling using
the four major CHP technologies combined with electne
drve chillers.  Steam urbing CHP can compete wath the
as turbing combaned cycle uang 2.0 cent/®Wh fuel if solsd
fusel with a cost below approximately 1.0 ceniak'Wh can be
ebtauned for fining the steam turbing bodler
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Figure .27 Scenaric € cooling costs with cenfralized
electric drive chillers combined with vareus CHE fech-
moogieEs

The cost differences between the chuller tvpes for cemral-
ized district cooling are relatively small, &5 summanzesd in
Table 6.13 under the assumption that fuel costs 20
cent’/kWh. These cost differences are shown in Figure
6.28 for a range of fuel costs

i 31
Steam turbine 3.5
1-stage absorption az
2-stage absorption 33

Table 6.13 Scenano 6 cooling costs (cents/kWWhe) for
chiller technologies combined with pas furbine combined
eycle CHP with 2.0 cents/kWWh fuel
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Figura 6.28 Scenanc & cooling costs [centsfkWWhe) for
chiller technodogies combined with gas turbine combined
cycle CHP

The cost differennal berwesn centralized elecine dnve
chullers and dispersed hot water absorption (supplemenied
by electne drive challers) for Scenano & is abowl the same
ai caleulsed for Scenino 5

6.4.9 Scenario 7: Medium climate/hizgh beat valoeTow
electricity value

Heat snd electncity vialues were mssumed 10 be 2.5
cemukWhy, and 4.0 cents®Wh, respectively. As in
Scenariod 3 and 6, it was assumed that a well-developed
dastrict heating symem offers the possibility of district-
hem-driven cooling approaches as altermanives 1o central-
ized chilled water

The comparative anidveis showed that, for ceniralized
chillad water distnict cooling. gas turbine CHP with elec-
irec drive chillers provided the lowest cooling costs at fuel
costs over 1.3 centgkWh  Figure 6.29 compares the cost
per kWh of conling, using the four majer CHP wechnalogies
combined with electric drive chillers.  S1eam turbine CHP
can compets with the gas murbine using 2.0 centkWh fusl
if golid fuel with a cont below approcamately 1.2 cemakWh
can be obtained for firing the steam turbine boiler.
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Figure 828 Scenaric 7 cooling costs with centralized
elecizic drive chillers combined with various CHP iech-
nologies

The cost differences between the chiller tvpes for central-
1zed digtrict cooling are relatively small, a8 summarized in
Table 6.14 under the assumption that fuel costs 20
centkWih

Electric 5.1
Steam turbine 54
1-stage absorption 53
Z-stage absorption 53

Table 6.14 Secenario 7 cooling costs [(cents/kKWWhe) for
centrafized chiller technologies combined with gas turksne
CHP with 2.0 cent/kWh fusl

However, the cost differences between the chiller types
when combined with geam turbine CHP are more signifi-
cant, as shown in Figure 6,30 for a range of fuel costs.

os L1 e 18 e
v i |
Figure §.30 Scenaro T cooling costs (cents/kWhe) for
chiller technologies combined with steam turbinge CHP

Figure 6.31 compares the coxt per kWh af cooling wang,
dispersed chillers (hot water absorption plus electnc drve
chillersi coupled wath the four mapor CHF technologes
The cost of cooling, with the digpersed approach, assuming
=0 centsk'Wh fuel, is 6.5 cemis'k compared o 3.1
cents for the centralized chilled waler approach. This cost
differential of | 4 centskWh, must be weighed agmnst the
costs of constnecting a chilled water disinbution system.
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Figure 6.31 Scenans 7 coaling costs with dispersed hol
water and elsctric drive chillers combinsd with various CHP
technologies




6410  Scenario §: Medium climatehigh beat
value/high electricity value

Thos scenario 15 the same as Scenario 7 except that the
electricity value has been increased to 5.0 cemiskWh,
With thas increase in the value of elsctnicity, ot a fusl cost
of 20 centa®Wh the gas wirbine combined cvele basely
overtakes the smple covcle pas wrbine a3 the CHP
technology which, combined with electric drive chillers,
provides the lowest cooling costs.

Figure 632 compares the cost per kWh of cooling using
the four magr CHP technolopies combined with electne
drive chillers.  Steam turbene CHP can compets with the
gas turbine combined cvcle uging 2.0 centakWh el if
gohd fuel with a cost below approximately 1.0 centakWh
can be obtainsd for firing the steam turbine boilar

.'—‘—'ﬂ-ﬂll'hr-'

L L] L5 ] z4a

Figure .32 Scenano & cooling costs with centralized
electric drive chillers combined with varous CHP
technologies

The cost differences between the chiller types for central-
1zed distnct cooling are relstvely small, as summanzed 1n
Table 6.1% under the assumphon that fuel costs 20
cent’k'Wh  These cost differences are shewn i Figure
633 for a range of fuel costs

Electric 6
Steam turbine 3.7
1-stage absorption ar
2-stage absorplion 3.6

Table B.18 Scenario B cooling for chiller technologies
combined with gas turbine combined eycle CHP with 2.0
cents/kWWh fuel costs (cents/kKWhe)
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Figure 6.33 Scenario 8 cooling costs (cents/kKWhe) for
chifter technologies combined with gas twrbine combined
cycle CHP

21

The cost differential between centralized electnc dnve
chillers and dispersed hot water absorption (supplemented
by electric drive chillers) for Scenano 8 is about the same
as calculatad for Scenano 7.

6.5 FINDINGS
6.5.1 Encrgy efficiency

« I the goal is maximum cooling output per umit of fuel
used, the CHP rechnologies rank a= follows, from

highest to lowest outpul

Gas turbane combansd cvele
Diesel engine
Gims turbans

Steam turbine

du i =

This ranking holds true regardless of the chiller
technologies emploved, although the exient of
differences bepween the CHP types vaned depending
on the chiller technologies.

= With a simple cycle gas fturbwne, the higher-
temperature  heat-driven chillers (supplemented by
elecinic drive chillers) provide more cooling outpet
than the lower-temperature options, with the elaciric-
chiller-only option providing the lowest cooling out-
put. This 13 also roughly true with a diesel engme,
although the lower-temperature heal-driven options
compare more fovorably because the temperature of
useful thermal outpat of deesel engines is more limited
compared to the gas turbine

»  Wah steam murbine and gas turbine combined cycle
CHP, the elscinc drive cluller provades the highest
cooling output, followed by hot water absorption and
other heat-driven options, roughly in order of increas-
ing driving lemperature.  The differences between
challer tvpes with gas turbine combined cyvcle are less
than those for stéam mrbine CHP

# In the analyses presented in Section 6.3, there 13
virually no difference in cooling cutput from s -
bing combined cvele betwesn:

|  operabon n condensing mode with all slecine
chillers, and

2  operation in CHPF mode using a combination of
one-stage steam absorption and electne drive
chillers to madimize cooling outpul

s Simple cvele gas turbine CHP can appear attractive
from an efficiency standpoint when the thermal cutput
is viewed a5 “waste haxt " However, il can be argued
that this is because, from the standpoint of new plant
design, total efficiency has not really been optimized
with a simple cyele, i, generally there is the capabal-
ity to generate additional electricity in a combined
cvcle
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For a new CHP facility, there 15 not a compelling
argument for using heat generated through CHP to
drive chillers as opposed to installing a condensing
tail to drive electnic chillers. However, this argument
does nol hold for the smaller end of the scale of CHP
facilities (e, 3 MWpi, where due 0 economies of
scale it 13 generally not cost-effective 1o install @ steam
turbine to drive a generator in a combined cycle. In
thess circumstances, the thermal energy can be appro-
priately megarded as “waste” and the sconomics and
perceived efficiency of absorption is favorshle

6.52 Economics

The following discussion summarizes ihe resulis of the
illustrative scenanos presentied in Section 6.5 for new CHP
systems in the 20-25 MW, size range under stated load
and economic Assumphions. The sconomics in a specific

case are hughly dependent on cise-specafic factors

CHP options

in the dlustrative scenanocs, simple cvcle gas turbine
CHP provides the lowest cooling cost at low values of

lectricity (3 centakWhy), due in large part to its low
Investment cost

Combined cycle gas turbine CHP provides the lowest
cooling cost af higher electnicaty values {above 5
centskWH, ) as a result of its high electric efficiency.
As electnicity value nises, the competitivensss of the
gas turbing combined cycle increases faster than the
other CHP options

With the potential for steam wrbine CHP ta be fired
with lower-cost fusl, this CHP option has the potential
o b the most cost-effective option depending on spe-
cific fuel costs

In CHP planis under 20 MW, reciprocating engine
CHP can become more competitive than indicated n
the illustrative scenarios, and in CHP plants above 50
MW, steam turbane CHP has the potential to be more
competitive than indicated

Sensitivity of cooling costs fo changes in fuel cost,
heat value and electricity valug is lowest in the warm
climate because net CHP costs are spread over a rela-
trvely large mumber of cooling wilization hours Con-
versely, sengitivity of coaling costs to these factors i
highest in the cold climase becauss net CHP costs are
spiead over a relatively small number of cocling, wili-
zalion hiours

-

Chiller options

Based on the illustrative scenanos, electnc dnve
chillers combined with gas turbine CHP (&t low
electric values) and gas turbine combined cycle CHP
(at high electric values) provided the lowest coaling
costs for ceniralized chilled water disinct cooling
However, in many scenarios the cost differences
betwesn electnic drive cocling and heat-driven optigns
isupplemented with electric dnive) were quite small
and can be considersd insignificant in view of the
many case-specific variables which can affect (he
calculations. In general, the cops of the CHP are
more significant than the costs of the chiller

squipmant

Generally, cost differences between 1he cooling
technologes combived with simple cycle gas turbine
and desel engine CHF are very small beciuse the
electric output of these CHP iechnologes is oo
affected by thermal extraction In comrass, wiih
steam twrbine CHP and 1o a lesser extent gas turbane
combined cvcle CHP, cost differences between chiller
technologies are more significant because with the
steam cycle the electne outpul decnestes when thermal
energy &5 extracted, and this derate increases with
increasing thermal extraction lemperature

Agide fram direc economie considsrations, the value
of flexibility and reliability may lead the system
designer 1o install hept-driven chillers. For example,
heat-drven cooling can help protect agmnet penalties
associated with a loss of power generalion capacity al
peak, smince with hest-driven chillers the mstem
operator can fire up relatively inexpentive standby
bodler capacity

For all CHP types, the economic differences bebween
the heat-driven chuller options were relatively small,
with costs shightly hgher for chillers requinng higher-
temperature drving energy.  In essence, the Tigher
investment costs for higher-temperature heat-driven
options was 1o a large extent offset by their higher
efficiencies



Chapter 7
Case Studies

7.1 GOTHENBURG 71 72,73

The oy of Gothenburg, Swedan 15 served by 2 hot water
dizinict heanng, sysiem which supplies commercaal build-
ings, hospatals, o university and about 150,000 households
The hot water temperature vanes from 73°C 10 sumamer 16
a maximum of 120°C during the winter. The system
denves about T0% of its energy from waste heat, mcluding
industrial waste heat from an oal refinery, heat recovered
from wastewater via heat pumps., and hest from mefase
mcineration.  In addition, the system also uses waste hemt
produced from engine testing at a truck engine testing
Eacalaty

A refuse incineration plant is cwned by the city of Gothen-
burg and burns aboul 300,060 tohg'yvesr. The heat gener-
ated through incineration is used in the district heating
syetem. Heat froan 5-18°C sewage treatment plant effiuent
15 used in & hem pump piant to heat district heating return
water (48-70°C) 1o a temperatare of 80-85°C. This water
is then pumpad to the distnct heating plant where the
temperature i further increased to prowvide the tempera-
tures neaded dunng the winter

Steam turtine CHP, fueled with coal, oil and natural gas,
i5 wsed to provide additional wintertime hear A new gas-
fired CHP plant 15 planned, and use of omass fuel is
being evaluated

Provision of district cooling, services was iminated 1o 1995
Copling is provided with absorption chillers driven by the
hot water disirict heating system, 'With the addition of dis-
trici-heal-drven cooling. the svslem wall be able o
optimize the use of waste hest, providing a heat load
throughout the summer when heating demand would
otherwise be low, In order 1o reduce investment cost for
the sbsorption chillers, the summer district heat tempera-
rure 15 being maintained at 90°C

The wtial plans were o build decentralized chillad watar
plants 16 serve adjacent buildings. However, as of March
1996 only ong of the six chiller plants constructed 1o date
s been built 1o serve more than one butlding,  Although
decentralized chilled water remauns the goal, it has proven
difficull to obtain multiple customer contracts af the same
tume in the same immediate area

A survey of central Gothenburg has shown that abous 30
prospective cusiomers have a cooling demand of approx-
mately 25 MW, with a utilization time of 1000 hours
The estimated capital cost of the entire cooling system 15
$12 million (US), of which about $4 3 million (US) is for
absorption chilbers  The installed chiller capacity is
expecied to reach 9.5 MW, by the end of 1996

a3

71 SEOUL T4 7-57-6

Korea Digtrict Heanng Corp. (KDHC) was establizhed 1n
1982 and restruciured as a public corporation wath the goal
of saving energy and improving the emaronment through
district heating The government designates a distict
heating, area for any newly developed area that is more
than 3.3 square kilometers, Dhstrict heating was mandated
by the government for five new satellite cines near Seoul
As of 1905, distnct hot water was distnibuted in 8 systems
with a total peak demand of 3,500 MW, The total
demuand is expected to grow o 6,300 MW, i || systems
by the vear 2001 [hstnct hed waler has 3 peak wanier
supply temperature of 1153°C in and a swmmer temperature
of 95°C

Approximately 90% of the hea is produced in gas turbine
combaned oycle and sizam turbine CHP facilities osned by
tha Karea Electnic Power Corporation (KEPCO)

Since 1992 KDHC has been prosading distnct cooling
through a dispersed absorpion approach, using the district
heating network to deliver hot water to absorption chillers
located 1n customer buildings. Hot water supply/return
temperatures are ¥5/80°C. As of Dec. 1993, a total cooling
load af 45 MW, was being servad in 60 butldings with a
total floor space of S08.000 square meaters. The typcal
peak cooling demand in 2 commercial building s
approximasely 17% higher than the tvpical peak beating
demand.

7.3 CHICAGO 7-7.7-%

In Chicago, llinots, USA, Trigen-People’s Distnct Energy
Corp. is developing a cogeneration disingt heafing and
cooling svstem to serve a large convention center and
surfounding areas.  As of 1995, the company had over-
haniled existing chiller capacity, taken over operation of the
exigting chillers ond boilers and constracted a 32,000 cubic
meter chilled walsr storage tank. The slorage symem
allows all 35 MW, of peak cooling demand to be generated
with electnic centmfugal chillers using off-peak power
purchosed from the local wtility, supplementsd by stcam
absorption chillers. Peak heating demand is 29 MW,y of
steam, currently supplisd using existing heat-only botlers

Beginning in January 1997, expansion of the convention
center will double heating and cooling loads to about 58
MWy, heating and 70 MW, coaling Three gas turbines
will be installed 1o generate electnicity, codling and heating
using 4 unique design. The gas turbine, motor/generator
and ammonia screw compressor are all connected by a
common shafi. The gas turkene provides the doving
torgus 1o the screw compressor and the molorgenerator



absorbs or provides the balance  Existing loads are served
with 5 5°C chilled water, but the new cooling loads will be
served wath water contmming a mix of mirates and nitnies
which depress the freszing poant to -1°C.

Each of the three gas turbing units can produce 1.2 MW of
electricaty of 7.7 MW, of 5 5°C chilled water, of a nux of
electricity and chilled water. There 15 3 common Hem
Becovery Sieam Generator (HRSGH which can penerme
steam from the exhausy gases andier supplemental finng

The peak output of the HRSG including supplemental
firing is about 23 MWy,

7.4 TRENTON 79

The Trenton, New Jersey, USA, district energy sysiem wis
esimblished in 1981 o provide hesting. with the Simie of
Mew Jorsey's Capitol Complex and a large pnson provid-
ing, 85% of the thermal load  Elsctncity and district hod
water are cogenerated in two & MW, 20-cylinder diesel
engines burming 95% natural gas and 5% fuel oil as piko
fusl Mozt of the district heat is supplisd as 175°C haot
water, but 105°C and 205°C heating are also provided
through separats supply and requrn pipes

Az digtrict heating expansion markeling procesded. i
became clear that success in marketing heating would be
increased if cooling service could also be providad. particu-
larly for new government and commercial buildings The
prospect of CFC refrigerant phassout increxsed inlenest in
the possibility of disinct cooling A small chilled water
distribution loop was implemented in 1989, linking avail-
able excess chiller capacity in existing buldings with a
chilled water storage system.  The cooling facilities now
consis of 3 two-stage absorption chillers supplying a iotal
of 7.3 MW, (using cogenerated heat), five electric centrifu-
gal chillers supplving a total of 21 MW, and a 10,500
cubic meter chilled water storage tank Peak heating
demand is 50 MWy, and peak cooling demand is about 33
MW,

7.5 ST. PAUL 7-10,7-11

A new hot water distnct heating sysiem serving downiown
51 Paul, Minnesota, USA began operabon i 1983 under
the management of Dhsinict Energy 51 Paul, Inc. a
private, non-profit corporation. This oysiem replaced a
steam distnet heating system dating 1o the early 1900
Subsiantin] improvements in plant and distnbution eff-
ciencies resulisd, with the disinct heating svstem now
serving 2 mullion squase mefers, or twice the previously
served building space, for the same consumption of fuel

The distnet heating system currently has a market share of
75% of the bulding floorspace 1n downiown St Paul, and
serves downtown offices, hotels, government buildings and
stores, 25 well asz hospitals, & housing complex and an
indusirial park sdjacemt to downtown. The supply lem-
perature vanes from 120°C a1 wanter peak 1o 90°C duning

the summer (The sommer emperatore s kept relafively
high to mest indusinial procéss requirements. §

The heating plant ibcludes 3 coal/pas-fired steam bolers, |
gas‘oul-fired steam bosler and 2 gasiol-fired hot water
boalers. The central plant it backed up by a boiler plant & 5
customer sife.  The peak coincident heating demand 15
mbowt 130 MWy,  An 860 k'We backpressure sieam
mrbine cogensration facility was installed m 1990 1o
provide in-houss slecincity requirements

Construction of 3 new centralized district cooling system
bejpn i 1992, and distnbution of chulled water began o
1993 The system started with two 7.9 MW, slectric
centrifugal chillers, then added a 9,500 cubac mater chilled
water siorage system and two |8 MW, steam absorpison
chillers using 14 bar exhaust from the cogenerabion
backpressure turtane.  As of 1995, plant capacity was about
33 MW, serving an aggregate contract load of 31 MW,
i 5060, (R0 scquare meters of building space  Plant capacity
15 expected to increase to 40 MW, during 19%

7.6 GERMANY 7-12

Concern mbout the global environmental impacts of CFC
refnigerants has contnbuted 1o a loss of dominance of elec-
tric compresston chillers in the German cooling marked
Today, distncl heating utilitees amd individual consummers
are maong increasing use of absorption chiller systems for
meeting cooling requirements.  Absorption chillers repre-
sent almost 50 of recent chiller installarions.  Most of the
ingtalinnons are one-stage, bul two-siags absorpiion and
direct-fired lithium bromide absorplion chillers are also
being installed A wvanety of types of dnvang enengy are
wsed, including distnet hot water ((85-120°C), sweam (2-9
bar] and exhaust gases from gas turbines and reciprocating,
engines. Omne plant is now using adsorption chillers wath
silica gel absorbent. Charactensiic projects include

Chemnitz — In the sarly 19705 a distnict cooling, system (6
*C) was constructed with 8.4 MW, cooling capacity for
eight customers.  After 1990 the four centrfugal and two
recrprocanng, compressors with CFC-12 were meplaced by
two one-siage lihivm bromide sbsorpiion chillers dnven
with district ot water ( 120/100°C)

Mannhelim — Monnheimer Versorgungs- und Verkehrs-
gesellschaft (MVY) is a public uwnlity supplying district
heating, electricity, gas and water in the Rhine-NMeckar
region It hac installed two one-stage lithoum bromide
absorption chillers to produce 6°C chilled water ;1 cus-
tomer mtes.  The chillers are drven with digtrict hol water
(B&/T5°C) produced by a 800 MW, CHP plant. The chill-
ers were fnanced by MVV and will remain MVV's prop-
erty through the duration of the supply contract
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Appendix A

Convesion Factors

To convert to Multiply by
ENERGY laloWatt-hour | Bru 3413
~ |MegaWan-hour |mullion Bru 3413
kal oWastt-hour ton-hour 0.284
toev-hour Bru 12000
MegaWatt-hour  |Gigaloule B I ]
f=——— _|aloWatt-hour  IMegaloule 1 38§
kaloWan-hour kcal 26l
POWER |kiloWan Bwhour 3413
MezaWatt million Btwhour 3413
J laloWart tons 0284
o fens  |Btuhour L
3 MegaWan Megaloule/second 1
kiloWatt [lala)oule/second A 4
kiloWat  Jkcalhour 360]
PRESSURE bar |pounds per square inch 145
[l bar MegaPascals 0.1
TEMPERATURE  |degree C |degree F F=(C*18)+32
VOLUME cubic meter ___|cubic e 3532
o |ler on (US.) 0264
LENGTH _  |meters it BN, . 3.28
mullimeters inches 0.03037
AREA SGUATE MEteTs {square fieet 10,764
COST — |costkWhe cost/ton-hour 352
costkWh feost million Blu 203




Appendix B

Currency Exchange Rates

The following exchange rates were mn effiect at
the time of publication (March 1996)

To convert L5, dollars to Multiply by

Danih Krone T 37
Firirush Markka B 46
|German Mark 1.48
1000 Korean Won 078
Dutch Guilder 1 65|
Nowegsan Krone —
Swedish Krona 663
(Briush Pound . 0.65]
Canadian dollar 1.36
European currency unit 0.80)
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