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This paper proposes a comprehensive model to examine future COg emission reduction and primary energy
conservation through the installation of a cogeneration system (CGS) in commercial and residential sectors
of Japan considering its long-term power generation mix. With the development of a CGS model and a
long-term generation mix model on cost minimizing basis, Japan’s prospective power generation structure
is figured out and the potential of CO, emission reduction and primary energy conservation by a CGS is
evaluated. With considerable uncertainty remaining concerning various assumptions made for the model
analysis, following results are identified. (1) In all fuel price scenarios in power plants, the installation of
CGS in commercial and residential sectors accomplishes the reduction of primary energy consumption. (2) .
In a standard fuel price scenario, the installation of CGS in commercial and residential sectors achieves the
reduction of CO5 emission. In a low fuel price scenario which is the case current fuel prices continue for the
future, however, COs reduction effect becomes decreasing compared to the standard fuel price scenario be-
cause of the dominant generation share of a LNG fired plant and a LNG combined cycle in future generation
mix and these less carbon intensive plants replaced by CGS. In the case where nuclear power plant becomes
competitive and increases its share in future generation mix, CO2 emission from energy system conversely
increases by installing CGS in comparison with before installing, because electric power generation of CGS
gradually replaces a nuclear power plant. These results suggest that the COy reduction potential by CGS
introduction is cautiously evaluated taking into consideration the future power plant construction program
in Japan. .
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1. Introduction

Final energy consumption on commercial and res-
idential sectors in Japan had increased steadily over
1996~2000 at the rate of 1.1% per year on average and
CO- emission in these sectors also increased averagely at
the rate of 1.3% per year (V. This final energy consump-
tion and associated CO4 emission increasing tendency is
likely to continue for the future due to the more exten-
sion of commercial buildings, which situation stems from
the recent change of industrial structure and pursuing of
convenient lifestyle in household sector. An important
point is thus how to accomplish both primary energy
conservation and CO, emission abatement in these sec-
tors for the future.

In this paper, we adopt a cogeneration system
(CGS) as a prospective key option for end-use energy
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conservation and COy mitigation ®. CGS, used as on-
site power and heat generating devices, is expected to
be installed increasingly into commercial and residen-
tial sectors in Japan, due to its high potential of energy
conservation characteristics, resultant high economic
performance and COy emission reduction effect by its
recent tesearch and development. Since CGS, with in-
creasing installed capacity in commercial and residential
sectors, is on-site power generation facility, it is likely to
replace utilities’ power generation plants such as coal-
fired, oil-fired and LNG-fired power plants in the fu-
ture because end-use installation of CGS reduces electric
power purchase by CGS equipped customers. CGS in-
troduction consequently has an influence on the optimal
planning of power generation mix in utility, which even-
tually changes both CO5 emission and primary energy
consumption in a power sector. )
Against these backgrounds, the purpose of this paper
is to develop a comprehensive model including both a
long-term optimal power generation mix module and an
end-use CGS module in order to evaluate the future tra-
jectory of COy emission and primary energy consump-
tion through the installation of CGS in commercial and



residential sectors of Japan. In a following section, the
long-term generation mix model and the end-use CGS
model are first described. Second, several simulation
conditions and the evaluation method adopted here are
presented. Finally, the evaluation method yields numeri-
cal results about primary energy consumption and CO,
emission through CGS installation in commercial and
residential sectors of Japan.

2. Model Structure

In order to evaluate CGS installation potential, we de-
velop both a long-term power generation mix model and
an end-use CGS model, the specifications of which are
described as follows.

2.1 Long-Term Power Generation Mix Model

If end-use CGS installation increases in the future,
utilities could escape constructing new capacity to sat-
isfy electric power demand. Since CGS installation influ-
ences future utilities’ power plant construction planning,
it is, therefore, necessary to consider the future expan-
sion program of power generating capacity in utilities.
The fundamental purpose of this model is to determine

Table 1. Variables for a power generation best mix model
Dimensions:

hr : Time in a day (1~24)

m : Total number of power plants (=7)

ny : Total number of planning terms (=13)

plt : Power plant type

pin - Seasonal segmentation (summer peak, summer, winter, mid season,

summer holiday, winter holiday ,mid season holiday)
r . Electricity supply regions (Hokkaido, Tohoku, Tokyo, Chubu,
Hokuriku, Kansai, Chugoku, Shikoku, Kyushu)

R : Total number of electricity supply regions (=9)

t : Year in planning horizon

TLy : Lifetime of power plant plf

Endogenous variables:

EX, o : Interchanged power in year £, region 7, season pi, time 7r[kW)|

ST gt : Storage power in year £, region 7, season pin, time 47 [kW]

Kiplipmpr : Power generation in year #, plant pif, season pin, time Ar [kW)]
it : Newly-built capacity of power plant plt in year £ [KW)]

YSUMypy - Cumulative capacity of power plant p/# in year #, region » [KW]

Exogenous variables:

it : Construction cost of power plant p/f [yen/kW]

bois : Fuel unit cost of power plant pltin year 1 [yen/kWh]

AaySpy, : Number of days in seasonal segmentation p

disc : Discount rate (=5%)

J ) —— : Transmission-end power demand in year f, region 7, seasonal

segmentation pin, time /4 [KWh)
EU, i - Import-export limit of interchanged power in year £, region 7,
seasonal segmentation pir, time A7 [kKW]

Jdowngy : Lower limit of load following factor of power plant pit

Jiwp : Upper timit of load following facior of power plant pit

FAC : Utilization factor of power plant plf in seasonal segmentation p#

INEX, - Identification of import or export of interchanged power flow in
region 7 (import region = 1, export region =-1)

how electric power industry will change its mix of gen-
erating capacity and electric power generation over fore-
cast horizon. -

This model uses linear programming (L.P) formulation
to identify planning decisions, capacity additions and
retirements that are required to satisfy future growing
demand and power plants’ operational requirements .
It, concretely to say, simulates the least-cost planning
of power plant construction and operation by selecting
strategies for meeting expected future demand and com-
plying with various technological constraints that min-
imize the discounted, present value of facility and op-
erational costs. Planning horizon, the length of which
usually influences the optimal result of LP model, is from
1990 to 2050 (number of year per one planning term is
5 years, planning terms are 13). In this model, planning
decision is determined for each of nine electricity supply
regions in Japan and interchanged electric power flows
among nine regions are explicitly considered on the basis
of inter-regional transmission constraints. Capacity ad-
ditions and scheduled retirements of existing units that
have been officially announced by utilities are also taken
into consideration. In this model, it should be noted that
lead-time for power plant construction is not explicitly
considered. Decision making for power plant construc-
tion, hence, largely depends on its generation cost on
the basis of cost minimizing optimization. In addition,
the utilities assumed here do not include IPP (indepen-
dent power producer) and PPS (power producer and
supplier), the type of which utilities eventually denote

.general electric utilities in this paper.

The mathematical formulation of this model is repre-
sented in following Egs. (1)~(16). The explanation of
endogenous and exogenous variables is shown in Table 1
and input data shown in Table 2.

Objective function:

- Discounted system total cost:

nT ’ .
TC= thz Z (Flil,‘t 7r,plt + Fuelt Tplt) e (1)

t=1 r=lplt=1
1 T(t—1) T-—1 n
7= <1+disc) Zz:(l—f-dzsc)
- Fixed cost:
R t

Fizy ppi = Aplt E E Yolt YSUMT,plt,T
r=17=1

LNGMAX;  : Upper limit of LNG consumption in year # []
NUCUP  :Nuclear construction upper limit (<70GW) Table 2. Input data for electric power plants ) ()
YPLANy  : Planning capacity of power plant plt in year #, officially announced
- by utilities [kW] Nuclear [ Coal | IGCC | LNG (LNGCC| oil Pump
it  Internal power consumption rate in power plant plt ﬁ“’;s‘“‘m"“ cost 310 300 | 330 200 232 190 196
0’yen/kW]
: f
Binainece LNG consumption per power generation of LNGINGCC [1/1<Wh] Fuel cost [yenkWE] 7 . 3 5o 5o Tod
1) . Spinning reserve margin (=5%) -
Lifetime[year] 40 40 40 40 40 60 60
Vit : Annual expenditure rate of power plant pif
- Storage efficien Thermal effictency 37.80% | 48.00% | 38.60% | 46.50% | 39.00%
7 pip : 5 ey . CO, emission 0.618 0618 0.746 0.742 0.788
T : Number of years per one planning term (=5 years) intensity ke-Clkg | ke-ckg | ke-Crkg | ke-Crkg | ke-Ci
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- Fuel cost:

7 R 24
Fuelt,r,plt :bplt,t g daysptn § E Xt,'r,plt,ptn,h'r
pin=1 r=lhr=1

Description of constraints:
- Hourly power supply-demand balance:’

Z Xt,’r‘,plt,ptn,hr - Xt,r,pump,pt'n,h'r‘
plt#pump
+INEX, - EXt,r,ptn,h?" = Dt,r,ptn,hr

- Newly-construction and retirement concerning power
plant capacity: '
YSUMt,r,plt = YSUMt—l,T,plt + YNT,plt,t
+ YPLANT,th,t - YNr,plt,t*TL

)

- Spinning reserve margin requirement:

R m
' Z FACplt7ptn . (1 - aplt) ' YSUMt,T,plt
r=1 plt=1
R
Z (1 + 5) Z Dt,T,ptn,hr

r=1

- Power generation limit:

Xt,r,plt,ptn,h’r < FA Oplt,ptn : (1 -
YSUM ¢ it

- Load following constraints:

Xt,rplt,ptn,hr+1 < (1 +f“Pplt)Xt,r,plt,pm,h7”
Xt,'r,plt,ptn,hr-l—l > (1 —fdownplt)Xt,'r,plt,ptn,hr e

- Annual LNG consumption upper limit:

7 R 24
Z daysptn Z Z (ﬁLNG’ . Xt,r,ln g,ptn,hr

ptn=1 r=1hr=1

+Brncoc - Xt geepin,hr) < LNGMAX - - (10)

- Electric power availability for pumped storage:

g Xt,r,plt,ptn,hr

pli#pump

STt,T,ptn,h'r <

- Input-output balance for pumped storage:
Z Xt,r,pump,ptn,hr = Tlpump Z STt,r,ptn,hr T (12)
hr hr

- Interchanged electric power flow constraint:

R
S INEX, - EXtppnge = 0ceereerrereeeee

r=1

- Upper limit of interchanged electric power flow:

EXt,T,ptn,hr < EUT,ptm
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- Construction upper limit for oil-fired power plant:
R R
> YSUMyprow <Y, YSUMnogo ,ry0ar - (15)

r=1 r=1

- Construction upper limit for nuclear power plant:
n ,
Z YSUMt,T,’Nuc’ < NUCUP

r=1

2.2 End-Use CGS Model Future supply plan-
ning decisions by CGS installed customers are deter-
mined with an end-use CGS module. Cogenerators con-
sidered in this paper consist of office, shop, hotel and
hospital in a commercial sector, detached house and
apartment in a residential sector. The planning deci-
sions by cogenerators are mathematically formulated as
linear programming which determines appropriate mix
of various electricity and heat supply options and min-
imizes the objective function of the discounted, present
value of fixed and variable cost satisfying expected fu-
ture energy demand and energy supply balance require-
ments ®. Planning horizon is from 1990 to 2050 (num-
ber of year per one planning term is 5 years, plan-
ning terms are 13) and we calculate CGS capacity in
each of 46 administrative divisions of Japan. Math-
ematical expression is described in Egs. (17)~(29). It
is assumed that capacity installation by cogenerators is
implemented when commercial associated building, de-
tached house and apartment are refurnished or newly
constructed.

Figure 1 and Fig. 2 show schematic diagrams of CGS
investigated in this paper. CGS in a commercial sector
is composed of gas engine, absorption refrigerator, heat

Electricity Electricity
purchased demand
Absorption
refrigerator
Gas engine % ““““““
" Cooling
eat pum >
Natural gas i P demand
purchased
r— Heaﬁng
demand
Hot water
demand
C ial H Radiator
ommercial seclor + Heat discharge

Fig. 1. Configuration of gas engine cogeneration
system for a commercial sector
Electricity Electricity
purchased demand
Cooling
>
Fuel cell demand
-1 Heating
................ =
Natural gas ! demand
d 1
purchase: | Hot water
. demand
i
. M 1
Residential sector

Fig.2. Configuration of fuel cell cogeneration
system for a residential sector



pump and gas boiler, and one in a residential sector con-
sists of Polymer Electrolyte Fuel Cell (PEFC), gas boiler
and heat pump.

Electricity is supplied to customers by operating gas
engine or fuel cell unit and purchasing electricity from
an electric power company. It also enables peripheral
facilities (heat pump etc.) to drive. Exhaust heat gen-
erated from gas engine and fuel cell unit is assumed to
be recovered in the form of hot water, supplying ther-
mal energy in a cascade way. Cooling demand is sup-
plied with absorption refrigerator and heat pump in a
commercial sector, and only heat pump in a residential
sector. Hot water demand is satisfied with recovered
exhaust heat and gas-fired boiler. Radiator discharges
surplus exhaust heat. In addition, we only take into
consideration a natural gas CGS on the assumption that
natural gas becomes more prospective primary fuel for
the future.

Table 4 summarizes representative values of perfor-
mance characteristics and the unit capital costs of pieces
of equipment. Electric generation efficiency and heat re-
cover efficiency are assumed to be constant with respect
to the utilization factor of each facility. Concerning the
data of fuel cell performance, which system is under de-
velopment and has not actually and widely spread, we
refer to the report published by IBEC . Energy pur-
chase is according to the rate of Tokyo electric pbwer
company in electricity and that of Tokyo gas in city gas.

Objective function:

- Discounted system total cost:

nr R SE

TC = Zatzz (CSM 4 e+ CSE4 pc) -+ (17)

r=1c=1
T(t—1) 7—1 N
1 1
Ut_(l—l—disc) .Z:(l—kdzsc)
- Fixed cost:
M

CSMyye= Y MUPp, - EXPp, - YCSUM yrcm

m=1

- Operational cost:

7 24 2
CSEt,r,c = Z Z Z days ytp, + BUP pin hre

ptn=1 hr=1e=1

72
X PQyrcptmpret 3, O MONTHS,
ptn=le=1

X {FBSptn,e + BSptn,e + Zt,rce} - (19)
Description of constraints:
- Energy generation constraint:
YCSUMt,ﬁC,m 2 XOt,r,c,ptn,hr,m,out """"" (20)
- Newly-construction and retirement about energy-
related facility:
YCSUMt,T,plt :vYCSUMt—l,nplt + YONT,plt,t
— YON . pitt 1L, oo (21)

Table 3. Variables for an end-use CGS model
Dimensions: . .
c : Cogenerators (office, shop, hotel, hospital, residence)
d : Each kind of demand (electricity, heating, cooling, hot water)
e : Each kind of energy (1:electricity, 2:gas)
hr : Time in a day (1~24)
10 : Energy input-output state ( ir, our )
m : Energy supply facility (cgs [cgst:heat, cgse: electncnty] boiler, heat
pump, absorption refrigerator)
nr : Total number of planning horizon (=13)
)4 : Energy flow (purchased elec., purchased gas, elec. demand, heating

demand, cooling demand, hot water demand, CGS[elec ], CGSlheat)
boiler, heat pump, absorption refrigerator, heat discharge)

>

pm : Seasonal segmentation (summer peak, summer, winter, mid season,
summer holiday, winter holiday ,mid season holiday)

r : Electricity supply region (each of 46 administrative d1v151ons)

R : Total number of elecricity supply region (=46)

SE : Number of kinds of cogenerators (=4)

t : Year in planning horizon

Ly : Lifetime of CGS facility m

Endogenous variables:

PQepmme  : Energy purchase quantity in year £, region #, cogenerator c, seasonal

segmentation p#n, time A7, energy e [kWh,Mcal]

SPscpini : Exhaust heat from CGS in year £, region r, cogenerator ¢, seasonal
segmentation pi, time /2 [Mcal]
XCiuopmmmo - Input or output energy in year ¢ region 7, cogenerator ¢, seasonal
segmentation p, time /7, facilitty 72, state 10 [kWh,Mcal]

YCNyom : Newly constructed capacity of facility m in year ¢ region 7,
cogenerator ¢ [kW,Mcal/h]

YCSUM;,n - Cumulative capacity of facility 7 in year £, region » ,cogenerator ¢
[kW.Mcal/h]

- Zyree : Energy contract quantity in year Z, region , cogenerator ¢, energy e

[KW.Mcal/h]

Exogenous variables:

BSpire :Energy demand charge in seasonal segmentation pm, energy e
[yen/kW/month, yen/Mcal/month]

CFopio :Linkage coefficient between p and p *(connected: 1,unconnected: ()

daysy, : Number of days in seasonal segmentation pi#

disc : Discount rate (=5%)

FEF, : Energy conversion efficiency of facility m

EUPyipe : Energy charges in seasonal segmentation piv, time Ar, energy e
[yen/kWh,yen/Mcal|

EXP,, : Annual expenditure rate of facility 72

FBSpme : Energy customer charge in seasonal segmentation pi, energy e
[yen/month] :

MONTHS,;, :Number of month in seasonal segmentation 7

MUP,, : Unit capital cost of facility 7 [yen/kW,yen/(Mcal/h)]

PIPE,compnpp - Enegy flow from p to p’ in year £, region 7, cogenerator c, seasonal
segmentation pz, time /2 [kWh,Mcal]

TFSye : Flooring space in year £, region 7, cogenerator ¢ [ri]

1R, : Conversion factor of facility m [kWh/Mcal, Mcal/kWh]

UDMyepmina - Energy demand per flooring space in year £, region 7, cogenerator c,
seasonal segmentation pm, time A, demand o [kWh/ni Mcal/nf]

Table 4. Performance characteristics and unit
capital cost of pieces of equipment

Facility Performance characteristics Unit capital cost

Electric generation efficiency 32%, Heat recover

engine efficiency 43%, depreciation period 15years 250x10"yen/kW
Electric generation efficiency 35%, Heat recover
Fuel cell ; ?
uel cel efficiency 45%,depreciation period 15years 300>10° yencW
Coeflicient of performance(COP): 4 0 (heating), 3.0
Heat pump © P { ) (heating) 61x10° yen/(Mcal/h)

(cooling), depreciation period 15years

Gas-fired boiler | Thermal efficiency 0.88, depreciation period 15years |10x10° yen/(Mcal/h)

Single-st: -
me'e S 48 Coefficient of performance(COP) 0 73, 3
absorption depreciation period 15years 16x10° yen/(Meal/h)
refrigeraotr P P i
Radiator depreciation period 15years 10x10° yen/(Mcal/h)

IEEJ Trans. PE, Vol.123, No.5, 2003
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- Energy contract constraint:

= PQt,T,c,ptn,h,'r,e

- Input-output balance of CGS facility:

Zt,‘r,c,e

Xot,r,c,ptn,hr,m,out: TR’m : EF’m ’ XOi’,T7C,ptTL,hT,WI7i77,
(23)

- Energy purchase balance:

PQ'ﬁ,'r,c,ptn,hr,e = § OFe,p’,out ’ PIPEt,r,c,ptn,hr,e,p’
p/

- Input-output relationship of facility with internal
energy flow:
Xct,r,c,ptn,hr,m,in

= § CFp,m‘,in . PIPEt,T,c,ptmhr,p,m e
P

(25)

XOtm,qptn,hr,m,out

= g OFm,p’,out . PIPEt,nc,ptn,hr,m,p’
p/

- Hourly energy supply-demand balance:
UDMt,T,c,ptn,hr,d ) TFSt,r,c

= § CFp,d,in ' PIPEt,r,c,ptn,hr,p,d
p

- Exhaust heat balance:

SPt,r,c,ptn,hT‘ - E OFp,sp,in ' PIPEt;r‘,c,ptnh?",p,sp
p

- CGS constraint:

PIPEt,r,c,ptn,hr,p,cgst = PIPEt,r,c,ptn,hr,p,cgse
.................. (29)

2.3 The Method of Evaluation In this model,
both utilities and cogenerators do not compete directly
in energy supply planning, which situation suggests
they independently develop their optimal energy sup-
ply strategies. In the first procedure on the evalua-
‘tion method, cogenerators identify the electricity which
they purchase from utilities by the end-use CGS module.
The difference of purchased electricity between the CGS
model and the traditional energy supply model which
is without gas engine or fuel cell as shown in Fig.1 or
Fig.2 corresponds to the end-use reduction of electric-
ity purchase from utilities. Electric load curves of utili-
ties, therefore, need to be corrected with considering the
change of purchased electricity. Utilities are, as a result,
able to specify the optimal electric generation strategies
through the long-term best mix model taking into con-
sideration that electricity sales reduction, which means
calculating the best mix model by replacing Eq. (4) with
Eq. (30) as follows.

EFH B, 123455, 2003 F
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Calculation of purchased electricity by
traditional energy supply model and CGS model

Purchased electricity from utility

Identify the end-use reduction of
purchased electricity by installing CGS
(ETRA: - ECGS:J Jpin it )

2 pon

Correcting daily load curve of utility

D, iy~ (ETRA - ECGS,

1,0 ptidir 1t )

CGS pre-nstallation case ! CGS mstallation case

Long-term generation
best mix model

Long-term generation
best mix model
replacing equi.(4) with equ (30)

* Primary energy consumphion
+ CO, emussion

* Primary energy consumplion
*» CO, emssion

A A

Evaluation of primary energy conservation
and CO, emussion abatement in power seclor

D, ponsn  Transmission-end power demand [kWh]

ETRA,, ,,,;, Purchased electucity from utlity caleulated with traditional energy supply model [kWh]
ECGS,, iy Purchased electricity from uithty calculated with end-use CGS model [kWh]

Fig.3. Evaluation flow of primary energy con-
sumption and COy emission in a power sector

Z Xt,r,plt,ptn,h’r‘ - Xt,r,pump,pin,hr
plt#pump
+ INEX’I’ ) EXt,T,ptn,h’r
= Dt,r,ptn,hr - (ETRAt,r,ptn,hr - EOGSt,r,ptn,hT)
(30)
ETRA; r pin,hr @ Purchased electricity from utility
in year t, region r, seasonal seg-
mentation pin, time hr[kWh], calcu-
lated with a traditional energy sup-
ply model
ECGS 4 rptn,hr + Purchased electricity from utility
in year t, region r, seasonal segmen-
tation ptn, time hr [kWh], calcu-
lated with an end-use CGS model

Finally, total CO2 reduction and primary energy con-
servation by CGS installation can be identified by com-
paring CO5 emission and primary energy consumption
between a CGS installation case and a pre-installation
case. A series of evaluation flow is presented in Fig. 3.
In this simulation, however, electricity and city gas rates
are assumed not to change in conjunction with genera-
tion cost stemmed from future generation mix strategies’
variation, which situation does not eventually influence
the growing rate and load curve of electricity demand in
planning horizon. And we also assume that electricity
and city gas rates do not become rising by the deterio-
ration of utilities’ electricity demand load factor caused
by end-use CGS introduction.

3. Simulation Conditions and Assump-
tions

3.1 Long-Term Power Generation Mix Model
Electric. load curves of utilities in each of nine regional
disaggregations according to power service areas are as-
sumed to be increasing at the rate of 1.6% per year until



Table 5. Fuel price scenarios for electric power plants (7
Standard price scenario Low price scenario
Nuclear [yen/kWh] 1.7 17
Coal [yen/kg] 50—6.1(2010) 5

Oil [yen/]
LNG [yen/kg]

10 6—17.4 (2010)
18.9—29.5 (2010)

10.6 — 12.1 (2010)
18.9

2010 and 0.5% per year after 2010 on the basis of future
electric power demand outlook developed by CRIEPI
(Central Research Institute of Electric Power Industry).

Alternative fuel price scenarios: Evaluation of
CGS installation is implemented in the following three
fuel price scenarios in a power sector, though it should
be noted that these price projections actually remain
quite uncertain.

- Standard price scenario

- Low price scenario

- Standard price scenario (without upper limit of nu-

clear) :

This standard price scenario corresponds to the stan-
dard fuel price scenario developed by IEA (International
- Energy Agency) ™. A low price scenario is defined as
current fuel prices continuing for the future. The third
case assumes that optimal planning decision is imple-
mented without upper limit of nuclear power plant con-
struction after 2005, concretely means implementing the
long-term optimal best mix model without involving
Eq. (16) after a year 2005. In the former two cases,
- the upper limit (70 GW) of nuclear power plant con-
struction is imposed. According to the future generating
plant capacity authorized by ACNRE (Advisory Com-
mittee for Natural Resources and Energy) Long-term
Energy Supply-Demand Outlook ¢, nuclear capacity of
66~70 GW is constructed until a fiscal year 2010. Thus
we determine 70 GW as the upper limit of nuclear power
" plant construction. Table 5 describes numerical data of

standard and low fuel price scenarios for power plants.

3.2 End-Use CGS Model As to cogenerator,
its energy demand mainly depends on the scale of its
. floor space and as a result end-use demand is assumed
to be linear with respect to its Hoor scale. Standard
~ energy load profile (unit is W/m? or keal/m?) multi-
plied by floor space of each customer (the unit is m?)
eventually becomes end-use energy demand. app.Fig. 1
and app.Fig. 2 in Appendix represent typical daily load
curves indicating seasonal variations of hourly energy
demand in office and residence. Customers’ hourly en-
ergy loads change periodically relying on typical sea-
sonal segmentation (summer, winter and fall/spring [or
mid season]). We adopt these demand profiles includ-
ing shop, hotel and hospital, authorized by SHASE (The
Society of Heating, Air-conditioning and Sanitary Engi-
neers of Japan) ), which energy profiles are assumed to
be increasing at 0.5% per year after a year 2010.

CGS installation target scenarios: Analyzing
customer’s floor space, it ranges from the owner of
large floor space to that of small floor space. In or-
der to consider a CGS installation target dependent on
customer’s floor scale, we define following two cases in
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evaluating both primary energy conservation and COs
emission reduction effects.

- CGS installation to customers the flooring scale of
which is more than 700m?in a commercial sector and is
more than 100m?in a residential sector. ,

- CGS installation to customers the flooring scale of
which is more than 5000 m?in a commercial sector and
is more than 120m2in a residential sector.

Speculation of future floor space: Prospective
floor space of cogenerator until a year 2050 is specu-

lated by considering the past annual flows of newly con-

structed building space in commercial and residential
sectors “¥. In this speculation, we made following as-
sumptions.
® The annual increasing rate of floor space stock of a
commercial sector is 1.5%~2.5%, that of a residen-
tial sector is 0.37%
® The annual building retirement rate is 0.37% in a
commercial sector and 2.7% in a residential sector.
® After a year 2010, the stock of flooring space contin-
ues to be constant until the end of planning horizon.

Il Hotet

Fig.4. Prospective floor space of a commercial
sector in a year 2010, constituted by newly con-
structed and refurnished buildings. Customer scale
is more than 700 m®

Floor space [nf]

~_ 330000
| 7-165,000
33,000

I Office
Hosprtal
[:I Shop
N Hotel

&

Fig.5. Prospective floor space of a commercial
sector in a year 2050, constituted by newly con-
structed and refurnished buildings. Customer scale
is more than 700 m?
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Year 2010

Floor space [ni]

I : 1,200,000

M Residence

&
Fig.6. Prospective floor space of a residential sec-
tor in a year 2010, constituted by newly constructed
and refurnished buildings. Customer scale is more
than 100m?

Year : 2050

B Residence

Fig.7. Prospective floor space of a residential sec-
tor in a year 2050, constituted by newly constructed
and refurnished buildings. Customer scale is more
than 100 m?

® Buildinig in these sectors is assumed to be refur-

nished 20 years after newly-constructed

Figure 4 and Fig. 5 show future floor space with cus-
tomers’ floor scales more than 700 m? of a commercial
sector in a year 2010, 2050 respectively. We develop
floor space outlook in each of the 46 administrative divi-
sions of Japan, aggregated and illustrated on nine power
" gervice regions. This floor space is composed of newly
constructed and refurnished buildings.

Figure 6 and Fig. 7 show future floor space with cus-
tomer’s floor space more than 100m? of a residential
sector in a year 2010 and 2050 respectively.

Regional characteristics of heating and cooling
demand: Concerning customers’ heating and cool-
ing demand in each region, we calculate corrective co-
efficients to reflect the regional characteristics of final
energy demand on the basis of Extended Degree Day
(EDD) method authorized by IBEC (Institute for Build-
ing Environment and Energy Conservation), roughly
described by Egs. (31), (32). The EDD method yields

B B, 123455, 2003 &
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Table 6. Variables for annual load culculation by
an EDD method

(0% - Annual heating load [MJ/year zone]

Oc : Annual cooling load [M¥/year- zone]

kg : Regional adjustment coefficient (heating)

ke : Regional adjustment coefficient (cooling)

Ur(a) : Coefficient of heat transmission (sunny part)[ W/K]
Unfa) : Coefficient of heat transmission (shade par)[ W/K]
EHD : Extended heating degree day[K-DAY]

ECD : Extended cooling degree day[K* DAY]

Doy : Extended heating degree day (shade part) [K+DAY]
Doc : Extended cooling degree day (shade part) [K-DAY]

Table 7. Corrective coefficients of heating load in
each power service areas

Hokkaido | Tohokn | Tokyo | Chubu | Hokuriku | Kansai | Chugoku | Shikoku | Kyushyu

38 | 24 | 10 13 18 | 12 | 13 | 12 | 08

Table 8. Corrective coeflicients of cooling load in
each power service areas

Hokkaido | Tohoku | Tokyo | Chubu_| Hokurku | Kansm | Chugoku | Shikoku | Kyushyu
02 05 | 10 | 10 | o8 | 12 10 | 12 13

regional annual heating and cooling demand loads
of specific building reflecting district climate condi-
tions. Ixtended heating and cooling degree days of
this method have regional dependence. We apply
EDD method to standard office building (floor space:
9600 m?) on each region, following which we obtain nor-
malized coefficients through dividing regional heating
and cooling loads by those of Tokyo area as numerical
results presented in Table 7 and Table 8. We are thus
able to adjust regional heating and cooling demand by
multiplying together these coefficients and the standard
heating and cooling demand such as shown in app.Fig. 1
or app.Fig.2. Daily electricity and hot water demand
of standard load profile are assumed to be commonly
applied into all administrative regions.

Qg = 0.0864KH{UT<G) -EHD + UT(Z)) . DOH}
(31)
Qc = 0.0864kc{Ur(a) - ECD + Ur(b) - Doc}
(32)

4. Simulation Results

4.1 Simulation Results of Long-Term Best
Mix Model Figures 8~10 show annual electric
power generation trajectories of general electric utili-
ties in Japan at three fuel price scenarios respectively.
In the standard fuel price scenario, the generation from
nuclear, IGCC, LNG combined cycle (LNGCC) become
dominant in the latter of planning horizon. Meanwhile,
LNGCC increases and nuclear declines its share in low
fuel price scenario, implying that nuclear has no com-
petitive edge on the condition of current fuel prices con-
tinuing for the future. When simulated in the third fuel
price scenario, a nuclear clearly becomes competitive on
the assumption of current fuel price transition.

Figures 11~13 illustrate annual COq emission trajec-
tories in a power sector. In the case of the standard
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Fig.8. An electric power generation trajectory of

general electric utilities in Japan at a standard fuel
price scenario
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Fig.9. An electric power generation trajectory of

general electric utilities in Japan at a low fuel price
scenario ‘
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© Fig.10. An electric power generation trajectory

of general electric utilities in Japan at a standard
fuel price scenario without upper limit of nuclear
construction

and the low fuel price scenario, large parts of electricity
supply relying o fossil fuel combustion result in steady
increase of CO9 emission through the simulated hori-
zon. In spite that the power generation of a LNGCC
has large share in the low fuel price scenario, total CO,
emission in each year is not substantially different from
that of the standard fuel price scenario due to the de-
creasing of power generation from a nuclear compared
to the standard price scenario. As to the standard price
case without upper limit of nuclear, CO, emission de-
clines as a nuclear increases its share. In a year 2050,
the CO2 emission of the third cases is around a quarter
as much as that of the other two cases.
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Fig.11. A COg emission trajectory of utilities in

Japan at a standard fuel price scenario

250

CO, emussion [Mt-C]

50

0
1990

Fig.12. A COg emission trajectory of utilities in
Japan at a low fuel price scenario
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Fig.13. A CO3 emission trajectory of utilities in
Japan at a standard fuel price scenario without up-

per limit of nuclear construction

4.2 Simulation Results of End-Use CGS Model

Figures 14 and Fig. 15 show CGS installation capacity
in newly constructed and refurnished buildings depen-
dent on customer’s floor scale in commercial and resi-
dential sectors respectively. CGS in a commercial sector
corresponds to gas engine cogeneration system and one
in a residential sector equivalent to fuel cell cogeneration.
system.

Total gas engine or fuel cell capacity in the case of
more than 700 m? in a commercial and 100 m? in a resi-
dential sector amounts to around 49.8 GW in a commer-
cial and 47.6 GW in a residential sector at the year of
2050. The share of CGS capacity against all power gen-
erators (CGS 4 General electric utilities’ power plants)
in a year 2050 becomes around 23%. In the case of more
than 5000m? in commercial and 120m? in residential
sector, gas engine capacity is about 27.7 GW and fuel

IEEJ Trans. PE, Vol.123, No.5, 2003
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Fig.16. Breakdown of gas engine capacity in a

commercial sector

cell is about 36.6 GW in a year 2050, which CGS share
amounts to about 15% of total generators at 2050.

Figure 16 shows the breakdown of gas engine capacity
in a commercial sector, implying that the capacitiy in
office and shop are larger compared with those of hospi-
tal and hotel. In order to investigate the ratio of CGS
contribution over each cogenerators’ energy demand, we
show the dependency on CGS for satisfying electricity
and heating demand ®¥. CGS electricity generation di-
vided by electricity demand in 2020 is as follows: 0.62
(office), 0.76 (hospital), 0.60 (shop), 0.80 (hotel), 0.49
(residence). The recovery heating divided by heating
demand is as follows: 0.64 (office), 0.65 (hospital), 0.68
(shop), 0.73 (hotel), 0.43 (residence).

Figure 17 and Fig.18 show regional gas engine and
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Fig.17. Regional gas engine or fuel cell instal-
lation capacity in newly constructed and refur-
nished buildings. An installation target is more
than 700 m? in a commercial sector and more than
100 m? in a residential sector
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Fig.18. Regional gas engine or fuel cell instal-
lation capacity in newly constructed and refur-
nished buildings. An installation target is more
than 5000 m? in a commercial sector and more than
120m? in a residential sector

fuel cell introduction potential in each case of CGS in-
stallation targets. Calculation result in each of the 46
prefectures of Japan is aggregated and displayed on nine
power service areas. In both cases, Tokyo, Kinki and
Chubu area have large CGS introduction potential.

4.3 Evaluation of Primary Energy Conserva-
tion and CO:; Reduction by CGS. Introduction

Figure 19 and Fig.20 show the eventual change of
utilities” power plant capacity and its electricity genera-
tion by end-use installation of CGS in the case of more
than 700 m? in a commercial and 100 m? in a residential
sector of both newly-built and refurnished, which fig-
ures suggest that CGS mainly replaces the power plant
and its generation of IGCC and LNGCC in the standard
price scenario, LNGCC in the low price scenario and nu-
clear in the standard price scenario without upper limit
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ation through demand-side CGS installation in re-
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Fig.20. The change of utilities’ i)ower plant ca-
pacity through demand-side CGS installation in re-
spective fuel price scenario
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Fig.21. Primary energy reduction effect by
end-use CGS installation. The CGS installation
target of a commercial sector is more than 700 m?
and that of a residential sector is more than 100 m?

constraint of nuclear construction.

CGS introduction, thereby, substitutes the power
plant and its electricity generation with a high CO,
emission unit in the standard price scenario, that with a
low COg emission unit in both the low and the standard
fuel price scenario without nuclear constraint. Conse-
quently CGS has larger impact of COy abatement in
the standard scenario and smaller impact in the other
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Fig.22. Primary energy reduction effect by
end-use CGS installation. The CGS installation
target of a commercial sector is more than 5000 m?
and that of a residential sector is more than 120 m?
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Fig.23. COg3 emission reduction effect by end-use
CGS installation. The CGS installation target of a
commercial sector is more than 700 m? and that of
a residential sector is more than 100 m>
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Fig.24. COg3 emission reduction effect by end-use
CGS installation. The CGS installation target of a
commercial sector is more than 5000 m? and that
of a residential sector is more than 120 m?2

two cases compared to the standard case.

Figure 21 and Fig. 22 show primary energy reduction
effect by end-use CGS installation in each case of CGS
introduction targets. In all fuel price scenarios, CGS

CO; emission reduction rate [%]
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Fig. 25. Regional primary energy conservation ef-
fect in Japan. The CGS installation target of a
commercial sector is more than 700m? and that
of a residential sector is more than 100m?® over
newly-constructed and refurnished buildings
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Fig.26. Regional CO2 emmision reduction effect
in Japan. The CGS installation target of a
commercial sector is more than 700m?® and that
of a residential sector is more than 100m® over
newly-constructed and refurnished buildings

introduction accomplishes primary energy conservation
in a power sector.

Figure 23 and Fig. 24 show CO; emission abatement
effect by end-use CGS installation in each case of CGS
introduction targets. In the standard fuel price scenario,
the installation of CGS in commercial and residential
sectors achieves CO, emission mitigation. In the low
fuel price scenario which is the case current fuel prices
continue for the future, however, COq reduction effect
becomes decreasing compared to the standard fuel price
scenario because of the dominant generation share of
a LNG fired plant and a LNGCC in future generation
mix and the replacement of these less carbon intensive
plants by CGS installation. In the case where a nu-
clear power plant becomes competitive and increases its
share in future generation mix, COy emission from an
energy system conversely increases by installing CGS in
comparison with before installing, because the electric
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power generation of CGS gradually replaces a nuclear
power plant as shown in Fig. 19 and Fig. 20.

In order to understand the gist of both primary energy
conservation and CO, mitigation potential of each power
service regions in Japan, Fig. 25 and Fig. 26 respectively
show regional primary energy saving and COgz abate-
ment effects on commercial and residential sectors in the
standard fuel price scenario. The CGS installation tar-
get of a commercial sector is more than 700 m? and that
of a residential sector is more than 100mZover newly
constructed and refurnished buildings. Kanto, Kansai,
Chubu area have large potential of both primary energy
saving and CO, mitigation by CGS installation.

5. Conclusion

In this paper, we evaluate the reduction effects of pri-
mary energy consumption and COy emission in a power
sector by CGS installation.

With considerable uncertainty remaining concerning
various assumptions made for a model analysis such as
consideration of the reliability of electric power grid by
end-use CGS installation or the penetration rate of city
gas into customers, following results are identified. Con-
cerning primary energy consumption in all fuel price sce-
narios of a power sector, CGS introduction contributes
to its reduction. Concerning COy emission, in a stan-
dard fuel price scenario, the installation of CGS in com-
mercial and residential sectors accomplishes the reduc-
tion of CO5 emission. In a low fuel price scenario which
is the case current fuel prices continue for the future,
however, CO, reduction effect becomes decreasing com-
pared to the standard fuel price scenario because of the
dominant generation share of a LNG fired plant and a
LNG combined cycle in future generation mix and these
less carbon intensive power plants replaced by CGS in-
troduction. In the case where a nuclear power plant
remains competitive and increases its share in future
generation mix, CO; emission from an energy system
conversely increases by installing CGS in comparison
with before installing, because electric power of CGS
gradually replaces a nuclear. These results suggest that
the effect of COy reduction potential by the introduc-
tion of CGS is cautiously evaluated taking into account
the future power plant construction program in Japan
and the power plants which might be replaced by CGS
installation.

(Manuscript received Aug. 22, 2002,

revised Nov. 29, 2002)
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‘Appendix

app.Fig.1 and app.Fig.2 show daily energy load
curves in a office and residential sector with seasonal
load segmentation .
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app. Fig. 1. Daily energy load (hot water, space

heating, space cooling, electricity) curve of an office
building in respective seasonal load segmentation
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app. Fig. 2. Daily energy load (hot water, space
- heating, space cooling, electricity) curve of a
residential sector in respective seasonal load
segmentation
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