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ABSTRACT

The chemicd and the pulp/paper indudtries combined provide 55% of CHP generdtion in the
US indudry. Yet, ggnificant potentid for new CHP capadities exids in both indudtries. From the
present seam consumption deta, we estimate about 50 GW of additiond technicd potentia for CHP in
both indudtries. The reduced carbon emissons will be equivdent to 44% of the present carbon
emissons in these indudries We find that mogt of the carbon emission reductions can be achieved &
negative cogs.

Depending on the assumptions used in caculations, the economic potentid of CHP in these
indudtries can be sgnificantly lower, and carbon emissions mitigation costs can be much higher. Using
sengtivity analyses, we determine that the largest effect on the CHP esimate have the assumptions in
the cogts of CHP technology, in the assumed discount rates, in improvements in efficiency of CHP
technologies, and in the CHP equipment depreciation periods. Changesin fud and dectricity pricesand
the growth in the indudtries seam demand have less of an effect. We conclude that the lowest carbon
mitigation cods are achieved when the CHP fadility is operated by the utility and when indudria
company that owns the CHP unit can sl extra dectricity and steam to the open wholesdle market.
Based on the results of our analyses we discuss policy implications.

Introduction

Recent sudies (Onste, 1998, Kaarsberg, Elliott, 1998) identified combined production of heat
and power (CHP)! as one of the most important technologies for improving energy efficiency and
reducing carbon emissonsinthe US.

CHP usss energy from fuds to both provide useful therma energy and produce dectricd
power. Higoricdly, it was used by indudrid facilities with large seam requirements as a way to
provide process seam more efficiently and economicdly. CHP is especidly attractive in industries with
congtant seam loads and those that generate byproduct fuels. Chemicas and pulp/paper indudtries are
the two largest industries dominating the CHP market. Combined CHP capacity in these two industries
in 1994 was 24.2 GW -- 55% of the totd industrid CHP capecity (GRI, 1997). Currently, CHP capecity
in both indudries has been redized modly a the Stes with high seam loads. However, sgnificant
potentid ill exigsat the remaining Stes (Ongte, 1998, Ongte, 1997).

The purpose of this paper is to esimate the remaining CHP potentid in the chemicas and
pulp/paper indudtries by capacity Sze, and edimate energy savings and associated codts of carbon
emission reductions by applying CHP technologies.

Assessment of the technicd potentid of CHP is a difficult task that requires plant-level datato
maich boiler characterisics seam and dectricity loads of indudrid plants with the technica
specifications of CHP technologies (Blok, Turkenburg, 1994). Evauating economic potentid of CHP

! Also called cogeneration.
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and cogts of carbon reduction is even more complex. This evduation involves uncertainties in
forecadting future fud prices, difficulties in estimating carbon burden of exising and planned CHP
cgpacities and associaed cods. Such detalled evauation is beyond the scope of our task of estimating
CHP potentid. Ingead, we use smplified assumptions from literature review and results from
discussons with industry specidists to derive an order-of-magnitude figure of CHP potentid in both
indudtries.

Hrd, based on aggregate eam and dectricity data for each industry we provide a current
edimate of the technicd potentid of CHP for a smple case of a pre-sdected gas turbine cogenerator.
Second, we estimate the economic potentid of CHP cgpacity. Third, we present sengtivity anadyses for
variationsin CHP technologies, internd-rates-of-return, dectricity and fud prices, hours of operation of
CHP eguipment, changes in steam demand, and rates of depreciation of CHP equipment. Fourth, we
edimate specific carbon mitigation costs per unit of carbon emitted, and totd carbon emissons
reduction potentid by means of CHP technologies. Findly, on the basis of the sengtivity andyss we
summarize factors that have the largest effect on the economic potentid of goplying CHP technologies
in the chemicds and the pulp/paper indudtries.

Methodology
Technical Characteristics of CHP Equipment

One of the main featuresin sdecting the right equipment for a CHP system is the power-to-hest
ratio. The average power-to-heet ratio for the chemicds indudtry, as wdl as for the pul p/paper indudtry,
is 0.2 (GRI, 1997). Without plant level data on indudrid eectricity and geam demand patterns it is
impossible to find the optima CHP system configuration that will satisfy industry’ s needs for seam and
eectric power. Therefore, our choice of CHP system is arbitrary. Since dectricity is a more vauable
form of energy than heat and can be more easlly exported via existing power networks, we assume that
medting industry’s heat demands is more dedrable than satisfying its power demands (given that
exported dectricity can find a market). Therefore, we quantify the sze of CHP potentid by matching
indugtry’s thermd requirements to the characteridtics of the CHP sysem, and maximizing CHP
system’selectric output®.

We use the aggregate data on seam demand in industries from the Indudtrid Boiler Database of
the Integrated Planning Modd of ICF Kaiser (ICF, 1998). The Database provides the avalable seam
load of boilersthat isnot covered by the existing CHP capacity. We dso excdlude seam load covered by
renewable fuds (biomass) or interndly generated wastes (black liquor in the case of the pulp/paper
industry)®. Biomass and black liquor fuels may have a better application with biomass and black liquor
gasfication technologies that are currently a the stage of commercidization (Larson, Raymond, 1997,
Kreutz, Larson, Consonni, 1998). Steam load remaining after this adjustment represents the chemicds
and pulp/paper indudries thermd demand that has the potentid for CHP gpplication.

Since our main concern is reduction of carbon emissons, we sdlect a CHP system that works
with less carbon-intensve fuels, such as naurd gas. Currently, the chegpest avallable technology is a
combined cycle plant (Zink, 19984). In order to make our estimate consarvative, we select atechnology

2 Without plant level power-to-heat ratio data it is impossible to separate CHP potential from power only (sites
with small thermal requirements but large electricity demand) potential. Therefore, we quantify all the on-site
potential (heat & power and power only) as CHP.

3 About 33% of boiler steam output in pulp and paper industry is covered by recovery boilers using black liquor
(Cadmus, 1997). Steam load satisfied by biomass and sludge represents 18% in pulp and paper industry and
30% in chemicals industry (EIA, 1998).
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with high first cost — a gas turbine combined with a heat-recovery steam generator*(HR8G)
turbines are available in many configurations, designs, and sizes, with a range of power-to-heat ratio
from about 0.3 to 1 (Caton, Turner, 1997). The base load electrical efficiency of gas turbines with
HRSG is size-dependent:

Ne=0.32 (0.1P°®  forP<27 MW

Ne=0.34 forP > 27 MW
wherene = electrical efficiency of the gas turbine under full load conditions based on lower heating
value of fuel3 andP = gas turbine capacity in MW (Blok, Turkenburg, 1994). Based on the capacity
distribution of the non-CHP steam load, we assume an average electric efficiency of 33%. Total fuel
utilization of the selected CHP equipment is assumed to be 80%. Currently available commercial gas
turbines have higher electric and overall efficiencies. We use lower efficiencies in order to make our
estimate more conservative.

CHP equipment is most efficient if utilized at 100% of the rated capacity. For practical
applications the rated capacity utilization factor is about 90%. However, only 47% of boiler capacity in
the chemicals industry and 58% of the boiler capacity in the pulp/paper industry is utilized (GRI, 1996).
We assume the CHP equipment to be operated at its rated capacity (about 7880 hours/year). In this case
we match 64% of the remaining steam load to the CHP equipment for the pulp/paper industry, and 52%
of the chemicals industry steam load.

Cost Estimates

The economic evaluation of the CHP potential will differ, depending on the operator of the
CHP facility. We consider two cases of operating a CHP facility: operation by utility/thirfl marty
operation by the industrial company itself.

Two main indicators are usually used in economic evaluations of the benefits of CHP: simple
payback time and the internal-rate-of-return on investment. We also consider carbon emission reduction
costs. The simple payback time is definedPB3=I/NB, wherel is the capital invested in the CHP
equipment, and\B are net annual benefits from CHP. Internal-rate-of-return is defined as the rate of
discount that makes the net present value of an investment equal to zero (Brealey, Myers, 1991).
Carbon emission reduction costs are calculated as the net annual costs divided by the net annual carbon
emissions avoided:

C.=(a*1 =NB)/m, ¥

wherea = r/(1 - (1+1)™) is the annuity factor with an assumed interest rael the lifetime of the CHP
plantn; andm is the net annual emissions avoided (Blok, Turkenburg, 1994).

In the case of operation by industrial company, the net annual benefits are calculated as
NB=E+S+PG+PS+DTS-F-OM-SRwhile in case of utility operation, the net annual benefits consist of
the following:NB= EU+SU+DTS-FU-OMwhere

* Another reason is that gas turbines are a better application for sites with smaller capacity demand. Most of the
current CHP units have been installed at sites with large capacity demands.

® It is customary to quote efficiencies in lower heating values (or net calorific values). This is because the latent
heat of vaporization of the water vapor produced during the combustion of fuel is practically useless as an
energy source. However, with space heating and other low temperature requirements, this heat can be captured
with condensing heat exchangers (Evans, 1993). In this study, we do not consider the possibilities of harnessing
the low-temperature heat.

® Third party providers are usually energy service companies. In this case we assume a direct utility ownership

of the CHP plant at the industrial site, e.g. CHP operator sells electricity to an open wholesale market.
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E —annud saved dectricity purchase cods,

S —annud saved seam purchase codts,

PG  —annud recaptsfor dectricity sold to the utilities;

PS —annud receiptsfor dectricity sold from non-renewable sources under the conventiond system
of power generation;

DTS —depreciation tax shidd;

F —annud additiond fuel codtsfor operation of the CHP facility compared with Seam generation
inboilers,

OM  —annud operation and maintenance cogts (O& M) of the CHP equipment;
SP —annud cogsfor gandby power.

EU  —thevaueof dectricity produced per yesr;

SU —annual recaptsfor seam delivered to the industria company;;

FU  —annud fud cogtsfor the operation of CHP fadility.

Data Inputs

Efficiency and carbon emissions factors, fuel and carbon savings.

In order to estimate fud savings and carbon emissons avoided we find the difference between
fud inputs and carbon emitted in a conventiond sysem and a CHP sysem. Energy supplied by
conventiond system conggts of seam from on-Site boilers, and dectricity and steam purchased from
the centrd power system and non-utility generators.

We assume that the tota efficiency of fud inputs into purchased dectricity is equd to the
average efficency of dectricity generation in the U.S. power generating industry (EIA, 1998). Fud
efficiency of purchased seam is assumed to be the same as the average efficiency of heat produced by
bailers in industry’. We calculate efficiency of dectricity generation in the US, exdluding industrial
CHP, from the Internationd Energy Agency Extended Energy Baances (IEA, 1998). The resulting
efficiency of dectricity generation in the US in 1994 was 35%, and the efficiency of heat generation
was 70%. We assume carbon factor for purchased dectricity to be equd to the average carbon factor of
the US power generating system. The carbon factor of purchased seam is assumed to be equd to the
carbon factor of steam produced in boilers in each indudry. In 1994, carbon factor for dectricity
generation was 50.5 ktC/TBtu, and for heat generation was 18.6 ktC/TBtu in the chemicds indudry,
and 21.2 ktC/TBtu in the pulp/paper industry. Further we extrgpolae the heat and dectricity primary
efficiency coefficients and carbon factors through year 2015 using the scenarios for eectric generators
from the Annua Energy Outlook 1999 (EIA, 1998).

More than 50% of energy consumed within the chemicas industry and above 80% of energy
within the pulp/paper industry were used asinputs for steam generation in conventiondl boilersin 1994°
(EIA, 1998). From that renewable fuds, which we exclude from our cdculaions, contributed about
29% to boailer inputs in the chemicds industry and about 55% in the pulp/paper indudtry. Carbon thet

" This makes our estimate of energy savings more conservative, because 77% of the purchased steam in the
chemicals industry and half of the purchased steam in the pulp/paper industry were bought from non-utility
generators. Possibly, a significant amount of steam from non-utility suppliersis produced by CHP technologies.
Therefore, actual heat efficiency of non-utility suppliers may be lower than the fuel efficiency of the central
heat generation system (about 50%).

8 Manufacturing Energy Consumption Survey (MECS) presents fuels at their higher heating values (gross
calorific values). We convert the HHV to LHV, in order to exclude latent heat from vaporization and make our
estimates more conservative. We assume 5% vaporization for oil, 10% for gas, 7% for coal, and 17% for
biomass fuels (IEA, 1998).
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was emitted from the conventiond on-Ste seam generation was cdculated usng smplified carbon
coefficients’ (IEA, 1997).

Base case price developments.

For the base case scenario we use the base case energy price scenario from AEO99' (EIA,
1997). We take average fud prices for indudtrid consumers, for the case of indudtrid plant operation,
assuming prices for seam to be equa average prices for primary energy. Under PURPA, tilities are
mandated to purchase power from qudified facilities (QF) of non-utility generators, and are required to
pay for this power that amount that they would otherwise spend to generate or acquire power':. The
average price that utilities paid for dectricity produced by non-utility generators in 1996 was
$6.9MBtU™? (EIA, 19963, EIA, 1996b). We assume that this price follows the trend in dectricity
generation and the average price of dectricity for dl consumersin the AEO99 scenario. Inthe case of a
utility operating the CHP facility we take naturd gas prices for power generators.

Costs of CHP equipment.

We assume alifetime of 20 years for CHP equipment, 34% corporate tax rate, and 20-year tax
depreciaion schedule with accderaed cost recovery sysem (Bredey, Myers, 1991). For a more
consarvative aggregate esimate we consider dl the CHP ingtdllations to be greenfidd*®. From the data
provided by (Gerhardt, 1998) we derive the costs of CHP equipment asfollowing:

| =8433pP %%
FOM=247P %
VOM =00015T P %
where, | — capitd invesment (induding ingdlation cogts), in thousand $US, FOM — annud fixed
operations and maintenance cods in thousand $US, VOM — annud variable operaions and
maintenance codts, in thousand $US; T — number of running hours per year; P — gas turbine capacity in
MW.

Other costs.

The rates for back-up power differ widdy between utilities. Different rate schedules are
available depending on the inddled capacity, demand for reactive power, off-pesk or pesk demand for
power sarvices. There are dso possihilities for specid gandby power contracts. Generdly, the rates for
independent producers who purchase additiond power from the grid will be the same as the rates of
industrid/commercid cugtomers. In addition, the utility will charge reservation charges for ingaled
CHP cgpacity. For the aggregate esimate we assume monthly reservation charges on average to be

® The simplified carbon factor for residual fuel oil is 21.1 ktC/PJ, 20.2 ktC/PJ for distillate fuel oil and diesd,
17.2 ktC/PJfor LPG, 15.3 ktC/PJfor natural gas, and 25.8 ktC/PJ for coal (EIA, 1997).

19 Al the pricesin AEO99 scenario are provided in 1997 constant US dollars.

! These so-called “avoided costs’ are costs of utility operation, excluding costs of transmission, distribution,
and other expenses not related directly to power production.

2 Equal 2.1c/kWh. Those costs differ on a state-by-state basis, however such detailed information is not
available. Therefore, we assume that the avoided-costs are approximately equal to the power generating
production expenses of major U.S. utilities. Utility avoided costs are estimated in the following way: total fuel
expenses are added to other operating expenses of power production and further divided by the total amount of
generated electricity (EIA, 19963, EIA, 1996b).

13 Copitdl and ingtdllation costs for smaller turbines (<27 MW) run from $697/kW for aretrofit installation to $778/kW for a
greenfidd plant. For larger turbines (>27 MW) the costs range from $480/kW for brownfield to $605/kW for greenfield
ingalations. Fixed O&M costs range from $19.5kW for large turbines to $23.4/kW for smdl, while varigble O& M costs
areintherange of 1.1-1.41 millskwh (Gerhardt, 1998).
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$5kW of indaled capacity, based on the maximum stand-by charges lisged by severd large and
medium utilities (GP, 1998, Ontario Hydro, 1997, PG&E, 1998). If additiond power is required, we
assumeit will be supplied at the average price for indudtrid consumers.

There are other cods and charges that CHP project developers may encounter, which vary
widdy among projects. Those include charges by utilities (interconnection charges, stranded asset
recovery fees, unreasonable access and sand-by charges, etc.), and costs needed to comply with current
environmenta regulations™*. Those charges will vary from project to project. Most of the utility related
charges are contract-based, while environmentd requirements will vary from date to date. With the
utility restructuring process, those charges and regulaions are likdy to change. Due to complexity of
edimating additiond costs we omit them in our cdculaions. However, it must be noted that these
charges may be sgnificant, and often make amdler CHP projects uneconomic (Ongte, 1998, Caden,
Hall, 1998, Elliott, Spurr, 1998).

Results
Capacity and Regional Distribution of the Technical Potential for CHP

The reaults of the aggregate estimate of the remaining CHP potentid in the chemicas and pulp
and paper indudries are presented in Figure 1. Remaining CHP generdtion potentia in the pul p/paper
indudtry is about 1.7 times the amount of exising CHP cgpacity, while CHP potentid in the chemicds
indudtry is more than two times larger than the ingtaled capacity. About 69% of the CHP potentid in
the chemicds indudry lie within the Stes with smdler capacity of 15 to 30 MW. In the pulp/paper
industry about 62% of CHP potentid iswithin the plants between 30 and 70 MW capecity.

Total Capacity Total Capacity
32 GW 17.8 GW
<15 MW
>145 MW

<15 MW

70-145 MW 15-30 MW

>145 MW

30-70 MW

70-145
MW

30-70 MW
15-30 MW

Chemicals Industry Pulp and Paper Industry

Figure 1. Capacity Distribution of the Remaining CHP Potential

14 Cogts of compliancewith Best Available Contral Technology, Lowest Achievable Emission Rate, New Source Performance
Sandards, ec.
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We performed sensitivity andyses on the internd-rate-of-return™ (IRR), energy codts,
investment codts, gas turbine efficencies, CHP operating hours, growth in seam demand, and different
CHP depreciation periods. These sengtivity andyses are performed for both the case of operation of the
CHP fadility by industry and the case of operation by the utility. The results of these sengitivity analyses
aepresented in Table 1.

Table 2. Results of the Sensitivity Analyses for Different Scenarios

CHEMICALS INDUSTRY

PULP AND PAPER INDUSTRY

Industrial Operations |

Utility Operations

Industrial Operations |

Utility Operations

INTERNAL-RATE-OF-RETURN SCENARIOS

20%IRR [25% IRR [30% IRR ]55%IRR [60% IRR 20%IRR [25% IRR [30% IRR ]55%IRR [60% IRR
Installed CHP capacity (GW) 314 28.2 255 29.7 24.7 15.7 14.1 12.7 15.0 12.6
Electricity production (TWh) 248 223 201 234 195 124 111 100 118 100
Heat production (TBtu) 1218 1095 989 1150 959 609 547 493 583 490
Primary energy savings 1575 1416 1279 1487 1239 787 706 637 754 634
TBtu
E:arbo)n savings (MtC) 30.0 27.0 244 28.3 23.6 13.5 12.1 10.9 12.9 10.8
ENERGY PRICE SCENARIOS
In GW 20%IRR [25% IRR [30% IRR ]55%IRR [60% IRR 15% IRR [20%IRR [25%IRR |55% IRR |60% IRR
Base case forecast 314 28.2 255 29.7 24.7 16.8 15.7 14.1 15.0 12.6
High-oil price 304 275 24.9 30.0 25.0 17.1 15.3 13.8 15.2 12.8
Low-oil price 30.7 27.6 24.9 29.3 245 17.0 15.2 13.7 14.9 12.5
High macroeconomic growth 30.9 27.8 25.1 29.8 24.8 17.2 15.5 13.9 15.1 12.7
Low macroeconomic growth 30.6 275 24.9 294 24.6 17.1 15.4 13.8 14.9 12.6
Wholesale electricity market 32.7 28.8 25.6 294 245 19.1 16.5 14.5 14.9 12.5
INCREASED EFFICIENCY OF GAS TURBINES SCENARIOS
IRR 20% IRR 60% IRR 15% IRR 60%
5% 10% 15% 5% 10% 15% 5% 10% 15% 5% 10% 15%
increase |increase |increase Jincrease |increase |increase [increase [increase [increase jincrease |increase |increase
Electricity production (TWh) 262 277 293 254 275 298 147 157 166 128 137 147
Primary energy savings 1887 2061 2149 1825 2045 2192 1030 1081 1133 893 946 1003
TBtu
E:OZ gavings (MtC) 34.8 34.8 39.6 33.6 345 40.4 17.5 18.5 19.5 15.2 16.2 17.3
REDUCED HOURS OF OPERATION SCENARIOS
IRR=20% | IRR=25% | IRR=30% | IRR=55% | IRR=60% IRR=15% | IRR=20% | IRR=25% | IRR=55% | IRR=60%
Electricity production (90% 248 223 201 234 195 132 124 111 118 100
utilization) (TWh)
80% utilization 226 202 182 179 153 127 113 101 92 79
70% utilization 204 181 162 138 119 115 102 90 72 62
60% utilization 182 159 142 105 92 102 91 79 55 48
EFFECT OF INCREASED STEAM DEMAND SCENARIOS
20% IRR 55% IRR 15% IRR 55% IRR
Base BAU Efficien. |Base BAU Efficien. |Base BAU Efficien. |Base BAU Efficien.
case improve Jcase improve |case improve Jcase improve
ments ments ments ments
Electricity production 248 255 252 234 246 246 132 144 141 118 125 123
CHP capacity 314 324 319 29.7 31.2 31.3 16.8 18.2 17.9 15.0 15.8 15.6
CO2 savings (MtC) 30.0 30.9 30.5 28.3 29.8 29.9 14.4 15.6 15.3 12.9 13.6 13.3
EFFECT OF ACCELERATED DEPRECIATION SCENARIOS
25% IRR 60% IRR 20% IRR 60% IRR
Base 10-year |7-year |Base 10-year |7-year |Base 10-year |7-year |Base 10-year |7-year
case deprecia|depreciajcase deprecia|depreciajcase deprecia|depreciajcase deprecia|deprecia
tion tion tion tion tion tion tion tion
Electricity production 223 236 232 195 223 212 124 131 129 100 113 108
Net primary energy savings 2392 2539 2494 2093 2400 2284 787 833 820 634 722 688
CO2 savings (MtC) 27.0 28.6 28.1 23.6 271 25.8 13.5 14.2 14.0 10.8 12.3 11.8

15 Discount rate on investment.
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Internal-rate-of-return.

We assume that an investment into a CHP plant will be dtractive when its IRR is higher than
the red interest rate. We start our cdculaion of the economic potentid of indugtrid CHP with an IRR
of 10%, and cdculaeit for saverd higher IRRs

In the case of indudtrid operation the economic potentia of CHP capacity isamdler thanin the
case of utility operation. At IRR over 14% the economic potentia of CHP capacities operated by the
pulp/paper indudtry fels below its technical potentid of 17.8 GW. The economic potentid for CHP
equipment operated by the chemicasindustry fdlsbeow itstechnicd potentid of 32 GW a 19% IRR.

Theordticdly, if the utility can sdl excess deam to other indudries, nearby commercid or
resdentia buildings, etc., the economic potential of CHP is limited only by steam demand. We take a
more conservative gpproach, and assumethat utility cannot sdl excess seam to other indudtries, eg., the
economic potentid for CHP is limited by seam demand in the pulp/paper and chemicds
manufacturing™. At low IRR, the economic potentid of utility instaling CHP plants is theoreticaly
unlimited, eg., it is profitable for the utility to ingtal CHP plants in the industry even if dl seam
demand is met and excess geam iswasted. Only a an IRR of 51% in the pulp/paper indudtry and & an
IRR 53% in the chemicas industry the economic potentid of utility ingaling and operating CHP
cgpacities matches the technicd potentia in industry. At higher IRR economic potentid for CHP, in
case of utility operation, declines. Overdl, the effect of increasing internd-rate-of-return is sgnificant,
and larger in the pulp/paper indudtry.

Energy prices.

The CHP potentid is dso caculated for five different energy price scenarios. Four of them are
from the EIA Annud Energy Outlook 99 -- the high- and low ail prices scenarios, and high- and low-
meacroeconomic growth scenarios (EIA, 1997). The fifth scenario that we congder is the scenario when
indudtrid CHP operators can el dectricity to the open wholesde market. Currently, the average price
that industrid consumers pay for dectricity is about two times the average price that indudtrid eectricity
producers can sl their ectricity for to the grid. In the fifth scenario, we assume the difference between
the two prices reach 20% by the year 2010, and dl the pricesfollow the base case scenario.

We can obsarve that the effect of price scenarios is samdl -- less than 5%, except for the
pulp/paper indudtry in the fifth scenario. When the pulp/paper industry can sl excess dectricity to the
wholesale market, its CHP potentid increases by 13%.

Lower investment cost, economies of scale.

More companies are recognizing opportunities for gas turbine gpplications in today's power
generation market and are introducing new and improved technologies. This trend caused the cost of
ges turbines to dedline in recent years™'. It is expected that the cost of gas turbines will significantly
dedline in the next decade. We cdculate the CHP potentid with a reduced investment cost for ges
turbines bdow 27 MW range. We assume that the cost of these turbines will fdl to an average of
$650/kW. Thiswill increase the CHP potentia by about 11% for each indudtry in the case of industrid
operations.

18 1n practice, steam host should be located close to the steam generating facility. In most cases, the CHP unit
will be located at the industrial facility of the steam host. However, in densely populated areas excess steam
from an industrial CHP unit can satisfy thermal demand of other buildings and facilities located nearby.

7 For example, Trigen Corp. sells packaged systems at $650/kW for 4.6 MW units. In our base scenario we use
higher costs to make our estimate more conservative.
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Currently there are Szable economies of scale in the CHP market, and redlizable potentid at the
higher end of the market is about 30% of tot. However, with utilities deregulation, sméller units'®
may become more atractive, providing reiability and cost savings by more closdy meeting demand
growth (Zink, 19983). Apat from therma and power load requirements, the economics of ingdling
seveard smdl unitsingead of one large unit will depend on contracts for interconnection charges, back-
up power codts, red-time-pricing options, etc. (Elliott, Spurr, 1998, Cagten, Hall, 1998). Ignoring the
above-mentioned congderations, the combined cods of an inddled gas turbine with an HRSG will
have to fdl to about $540kW in order to meet the technicd CHP potentid with incrementa
ingalations of andler units (eg., no economies of scae are presant).

Higher gas turbine efficiencies.

Energy efficiency of gas turbines is steedily increasing. Currently, manufacturers are offering
mid-range turbines with 38.5% efficency in a ample cyde, and 58% efficiency in the combined
cyde®®. Severa government and industry programs help fund research and development of gas turbine
generators with higher efficiency, lower emissons fud flexibility, and improved rdiability (Zink,
19983, 1998h). Therefore, it is reasonable to assume that gas turbines will be about 10-15% more
efficent by the year 2010. We cdculate the potentid CHP capacity for three different cases of
improvements in gas turbine efficiency, aso assuming thet overdl efficiency of fud utilizetion in CHP
ingdlations has increased to 85%.

Operating hours.

Chemicds and pulp/paper industries have predominantly a three-shift continuous operating
process. In the mogt favorable case CHP operation would be in the range of 7880 hrslyear. In practice,
equipment repairs, business cycle fluctuations in pulp and paper and chemicads demand can reduce
hours of operation down to 5000 hrslyear. This will reduce the amount of dectricity and seam
produced by CHP fadilities. We cdculate the effect of reduced hours of operation for three different
cas=s We seethat thiseffect is much stronger in the case of utilities operation.

Growth in steam consumption.

The growth in manufacturing activities will cause an increese in demand for geam and
eectricity. On the other hand, technologicd improvements, more efficient sleam use will lead to decline
in demand for seam and dectricity. For the growth in manufacturing sector activity we use the
assumptions from the GRI CHP Prgjection Report (GRI, 1997). We assume that the excess geam and
eectricity can be sold by indudrid company/utility to other indudtries in the manufacturing sector. For
energy consarvaion we assume two scenarios busness-asusud (BAU) and high efficency (HEF)
soenario. Manufacturing energy intensity®® from 1984 to 1994 has been dedining a annud rate of
1.1%. However, Snce 1990 energy intengty in manufacturing has increased about 0.17%. Therefore for
the BAU scenario we assume 1.1% annud declinein energy intendity. For the HEF scenario we assume
1.5% rate of dedline in energy intendgty. The combined effect of indudtrid activity growth and energy
consarvaion will increase geam demand by 22% in the BAU scenario and by 7.7% in the HEF

18 Smaller units are below 27 MW capacity, larger are more than 27 MW capacity.

19 Westinghouse 501G (230 MW h=38.5%), Siemens V84.3A (170 MW h=38.5%), ABB GT24 (183 MW
h=38.5%), €tc.

% Economic energy intensity is equal to the amount energy consumed per unit of output (value added).
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soenario by the year 20207, The effect of the increase in steam demand on potentid CHP capadity is
medium, and islarger for the pulp/paper indudtry in case of industry operating the CHP facility.

Change in depreciation schedule.

Currently, ges turbines that are used to make dectricity are subject to a 20-year tax life, while
the same turbines used to power arplanes or equipment have 5-7 year tax life. It has been argued
(Cagten, Hdll, 1998, William, Davidson, 1998, Elliot, 1998) that such high depreciation schedule
presents a barrier to successful gpplication of CHP technologies. We congder two different depreciation
schedules in our sengtivity andyss — 10 and 7-year tax life of CHP equipment with accderated cost
recovery sysem (Bredey, Myers, 1991). The results show that increase in the tax shield increases CHP
potentid by about 6% in case of indugtrid company operations, and by about 14% in case of utility
operdionsin eech indudtry.

Cost Effectiveness of Reductions in Carbon Emissions and Simple-Pay-Back Period

We cdculae the cogt effectiveness of goplying CHP technology for reducing carbon emissions
for three different cases of industry operations and for a case of utility operations. For the first case of
industry operations (A) we assume, thet dl the new CHP capacity will be firg inddled a the facilities
that purchase dectricity from outsde generators. Only after dl the purchased dectricity is subdituted by
on-gte generdion, the excess dectricity will be sold to the utilities. In the second case of industry
operations (B) dectricity produced is equdly distributed between purchased and sold dectricity, eg.
plants that want to stisfy their internd need for dectricity are ingdling CHP fadilities a the same pace
as plants that sall excess dectricity to the grid. In the case (C) of indudrid operation we assume that
industry can sl dectricity in the open wholesde power market. In the case of utilities (D) we assume
that the demand for seam is limited by the remaining seam load suitable for gpplication of CHP
technology in each industry. The interest rate is assumed to be 10%%* and the lifetime of the CHP plant
20 years.

In Case A of indudrid operaions average and margind codts are negdtive until the indudry is
saving on purchased dectricity by ingaling CHP capacity. As the indudry darts sdling excess
eectricity to the grid, the average cost of carbon mitigation increases, and the margind cost becomes
postive. If the indudry is ingdling CHP capacity both to save on dectricity hill and to sdl excess
eectricity to the grid, asin Case B, average carbon mitigation codts are larger, and the codt is negative
until CHP ingdlations do not exceed therma demand. Average and margind cogts of carbon mitigetion
are negative when indudtrid producers are able to sdll ectricity in open market a wholesale prices as
shown in Case C. In Case D of utility operation, average carbon mitigation cost are negative even after
the therma demand in indudry is exceeded. In both Case C and Case D the total margind cost of
carbon mitigation is the lowest. The marginad and average carbon mitigation codts as a function of the
amount of carbon avoided are presented in Figure 2 for the highest and lowest margind cost cases.

The amount of carbon emissons avoided depends on the assumption of type of fues
substituted in the industry’ s seam generating system, aswdl asutilities power generdting sysem. With
the increasing share of naturd gas and renewable fud sources in the centrd power generating system,
the amount of carbon avoided dueto CHP ingtdlation will decline.

2 Average for the industrial sector. In fact, since the chemicals and the pul p/paper industries are high growth
industries, the growth in their steam demand will be larger than the average for the whole industrial sector.
2 This corresponds to an annuity rate of about 12%.
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Figure 2. Average and Marginal Costs of Carbon Emissions Reductions

The industry’s adopted payback period of CHP projects is between 3 to 5 years (Wimberly,
1998, Blok, Turkenburg, 1994). At the cut-off rate of 5 years all of the technical potential in the
chemicals industry in all cases will qualify. All of the technical potential in the pulp/paper industry will
qualify at this cut-off rate iCase CandCase D In Case A 15.8 GW of the CHP potential in the
pulp/paper industry will qualify, and only about 3.5 GWCkse BHowever, these may change if the
analysis is done on a plant-by-plant basis.

Policy Implications

CHP is a low-cost option for saving energy and reducing carbon emissions in the chemicals and
pulp/paper industries. However, the economics does not favor small-scale projects where there is the
largest remaining technical potential of CHP installations in both industries. Mainly, it is caused by the
current costs of CHP technology and existing electric utilities and environmental regulations (Casten,
Hall, 1998, Elliott, Spurr, 1998).
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Further development and improvement of smdl-scale indudrid turbines and other CHP
technologies is needed. Reductions in capitd and Sting costs and codts of operations and maintenance
of CHP technologies will lead to growing implementation of smdl- and large-scde CHP projects
Improvements in fud efficiency of CHP technology dso will have a postive impact on CHP projects.
Further R& D efforts should continuein thisdirection.

Economic and environmental benefits from implementing projects should be accounted in
utility restructuring policies a the date and federd level. CHP generators should be dlowed to sl
eectricity in the open market, as wel as they should be charged sandard interconnection and standby
power charges.

Improvements should be made in the current tax regulations to eiminate the disparity in
depreciation time of the same technologies, that is based on ownership and gpplication of the
technologies.

These measures will improve economic prospects for and|- and large-scale CHP projects.

Conclusions

CHP presents a ggnificant opportunity for improving energy efficiency and reducing carbon
emissons in the pulp/pgper and the chemicals indudtries. The amount of eectricity thet could be
generated by CHP in both indudtries is aout 390 TWh, which is about 1.8 times the amount of
eectricity currently used in both indudries. Overdl, CHP generated dectricity and eam can save
annudly about 2500 TBtu of primary energy, and lead to the reduction of 46 MtC per year. Depending
on the operation of CHP fadilities, Sgnificant amount of carbon reductions can be achieved a negative
cos.

There are about 17.8 GW remaining technica potentia for CHP in the pulp/paper indudtry, and
32 GW of CHP potentid in the chemicas indugtry. The largest potentid remains within the facilities
with fud input capacity below 70 MW. However, fadilities in the MW-range above 70 MW are more
likely to adopt CHP inddlationsfird, due to economies of scalein CHP invetments.

Thistechnica potentid can be economicaly achieved a a discount rate below 15% in case of
indudtrid facility operation and below 50% in case of utility operaion. Overdl, the economic potentia
for CHP is higher in the case of utility operdtion. It is limited only by the demand for geam from
indugtrid facilities

The economic potentid for CHP will depend on whether the CHP facility will be operated by
utility or indugtrid company itsdlf. Severd other factors can influence the economics of CHP
inddlaions. The largest effect will have the improvements in CHP technology (both efficiency
improvements and ingalation cogt reductions), cgpacity utilization of the CHP equipment, the required
discount rate on investment, and depreciaion time of CHP equipment. The effect of increesing seam
consumption within industry and the effect of changes in prices for fues, dectricity, and Seam are less
pronounced. However, more accurate plant-level matching of CHP technologies may change the
sengtivity of CHP economic potentid to the above mentioned factors.
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