Chapter 2

Equipment Arrangement Planning

of a Fuel Cell Energy Network Optimized
for Cost Minimization

2.1 Introduction

In recent years, uses of the distribution of fuel cells have been studied [9, 10].
Furthermore, fuel cell systems are connected by a network and the micro-grid of
the electrical power operated in cooperation under the objective function given
beforehand is investigated [11-13]. Moreover, compound utilization of green
energy equipment is considered to have little environmental impact although it is
unstable, and stable power-generator equipment is investigated by the electrical
power grid of small energy equipment [11]. Construction of an electrical power
micro-grid may to develop competition with the existing energy infrastructure
other than in short-term utilization, such as a backup power supply at the time of
disaster. Installation of both a micro-grid of solid polymer membrane-type fuel
cells and a hot water piping network used to supply fuel cell exhaust heats to each
building is anticipated to cause a large reduction in environmental impact [9, 10].
In order to achieve the energy network of electrical power and heat described
above, cooperative control of the distributed energy equipment according to the
objective function given beforehand, operation planning, the arrangement design
of equipment, and capacity design of equipment are required. The fuel cell energy
network (FEN) investigated in this paper examines the micro-grid (FMG) used for
an electric power supply, and the hot water piping network (HWN) that uses the
exhaust heat of equipment for supply or collection from each house. In small-scale
FEN, since the power transmission length is short, the energy loss of electric
power transmission is small, and the loss of exhaust heat transport can also be
maintained at low levels. When loss of electric power transmission is improved
rather than heat transport due to the difference in energy unit price, the total en-
ergy cost is generally low. However, in cold regions, houses, apartment houses,
office buildings, hospitals, etc., have a great annual heat demand. It is expected
that the heat transport loss of FEN in buildings with high heat demand has a large
influence on the efficiency of the system. Therefore, when transporting a lot of
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18 2 Equipment Arrangement Planning of a Fuel Cell Energy Network

heat using HWN, route planning of piping considering the heat release loss of
HWN and an arrangement plan of equipment are required; these aspects depend
on the route planning of HWN, and the optimum arrangement plan of heat output
equipment depends on the energy demand pattern of each building linked to FEN,
and the position of each house. The heat medium (hot water) temperature that
flows through the inside of the HWN in a house outlet is decided by the heat sup-
ply and demand of each house, and the heat release of HWN is dependent on the
hot water temperature and the piping length. Thus, in this paper, a plan is made to
optimize the equipment arrangement of the fuel cell, reformer, and boiler, and an
FEN with high energy efficiency and cheap facility cost is planned by optimizing
the route of HWN used for supplying the exhaust heat of a fuel cell and a reformer
to each house. If the scale of FEN is large, the total length of HWN will increase
and heat release will also increase. From this, it is expected that the increase in the
scale of FEN will lead to a decline in the energy efficiency of the system. How-
ever, compared with FEN that is not optimized, the cost and efficiency of the
system may be improved by optimizing the equipment arrangement of each build-
ing linked to FEN, and the route of HWN. That is, compared with FEN that is not
optimized, the same facility cost as FEN that has an optimized equipment, ar-
rangement is expected and a HWN route whose scale (the number of houses
linked to FEN) can be extended. In this paper, the arrangement plan of FEN that
differs in the number of houses, and the route plan of HWN are conducted using a
genetic algorithm [14-19]. From this analysis, the operation cost of the system,
facility cost, and the installation cost of a facility are investigated, and the cost per
house connected by FEN is investigated.

2.2 System Scheme

2.2.1 The Energy Network

The model of the fuel cell energy network (FEN) assumed in this paper is shown
in Fig. 2.1. Each building is connected with the micro-grid (FMG) of electrical
power, and the hot water piping network (HWN) used for waste heat recovery and
heat supply. A fuel cell assumes a solid polymer membrane model, and a reformer
assumes the steam reforming of city gas. Each facility of the fuel cell, the re-
former, and the boiler is capacity free in each building, and it is assumed that it
can be installed freely. It is necessary to optimize and perform design arrangement
and capacity planning of this equipment based on the objective function given
beforehand for the system. Houses in which fuel cells are installed, and the houses
in which the installed reformers are connected with a reformed gas piping network
are shown in Fig. 2.1. Supposing a gas piping network reformed from an existing
city gas piping network is used, FMG decides to use the existing commercial elec-
trical power network more. Therefore, in the analysis of cost in this paper, equip-
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Fig. 2.1 Fuel cell
network model
with eight houses
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ment cost of a reformed gas piping network and FMG is not taken into considera-
tion. Since the route of HWN is planned considering the heat release in HWN that
connects each house, they differ depending on outside air temperature. The outside
air temperature of a representative day differs in different seasons, so the heat
release of HWN is calculated using an outside air temperature model in summer
(August), winter (February), and mid-term (May), and the optimal route is ex-
plored.

2.2.2 Fuel Cell System

Figure 2.2 shows a model in which a fuel cell is installed in house S, . The re-
formed gas produced by the reformer is supplied to the fuel cells through a re-
formed gas network (town gas piping network). The power generated by the fuel
cells is supplied to FMG through a DC—AC converter, an inverter, and an inter-
connection device, and supplies the load in each house. As shown in Fig. 2.2, the
exhaust heat of a fuel cell is supplied to the heat load of house S, , but when heat
remains, heat is supplied to other houses through HWN. On the other hand, when
heat is insufficient, heat is obtained and supplied by the HWN.
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Fig. 2.2 Fuel cell introduced into a house

2.2.3 Heat Source Use Order

The heat source that supplies the heat demand in each house gives priority to the
exhaust heat of the fuel cell and the reformer installed in the same house. When
such exhaust heat is insufficient for the heat amount demanded, heat is obtained
from HWN. Although a heat storage tank is installed in HWN, it stores the heat
when the heat that flows through HWN remains. The stored heat can be used by
conducting a time shift. A boiler is operated when heat runs short, even if it sup-
plies the heat obtained from HWN to a house.

2.2.4 City Gas Reformer

Figure 2.3 shows the model of installing a reformer in house Sy . Although city
gas is supplied to the reformer, in order to remove the carbon monoxide and water
in the reformed gas, carbon monoxide oxidation equipment and a dryer are install-
ed. The exhaust heat of the reformer can be supplied to each house through HWN.
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Fig. 2.3 Reformer and cylinder is installed in a house
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2.2.5 Operation Model of the System

Figure 2.4 shows a model of equipment arrangement planning at the time of con-
necting the distributed fuel cell with an energy network. As shown in Fig. 2.4(a),
in order to fulfill the demand of the electric power and the heat of six houses (from
SA to Sg), a reformer is installed in houses Sy and Sk, and a boiler is installed
in houses S, , Sc,and Sy for a fuel cell at houses S, , Sc, and Sg.

Each house is connected with HWN and can transport the exhaust heat of the fuel
cells and reformers, and the heat output of the heat storage tank and boilers with the
heat medium (hot water) that flows through the inside of the piping. Here, the de-
mand model of the electric power and the heat of each house is made to have the
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Fig. 2.4 Arrangement plan of the distributed fuel cells
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characteristics shown in Fig. 2.4(b) and (c), respectively. As shown in Fig. 2.4(e),
the exhaust heat output in each fuel cell in this case depends on the production of
electricity (Fig. 2.4(d)) of the fuel cell. Moreover, Fig. 2.4(f) shows a model of the
exhaust heat output of a reformer, and Fig. 2.4(g) shows a model of the heat output
of a boiler. The hot water quantity of heat that flows through the inside of HWN is
decided from the heat demand model shown in Fig. 2.4(c), and the model of the heat
output in each piece of equipment is shown in Fig. 2.4(g) from Fig. 2.4(e). The heat
release of HWN equipped with thermal insulation is dependent on the difference in
temperature between the hot water and the atmospheric air. Figure 2.4(h) shows
amodel of the heat release of HWN that connects each house. Therefore, the
amount of heat release in HWN differ depending on which equipment is installed in
the house linked to a network, and the route of HWN.

2.3 Amount of Heat Release of the Hot Water Piping Network
(HWN)

Figure 2.5(a) shows the model of incomings and outgoings of the heat of
HWN that connects house S;, S;,;, and S;;,. As shown in Fig. 2.5(b), the hot
water of temperature Tj,g, . and the quantity of heat Hj,s , inputs into S;
through HWN. The exhaust heat output of a fuel cell when generating the fuel
cell installed in §; is determined so that the amount E,cq4g,  of the electricity
demand of sampling time t that can be supplied is Hyg, . Moreover, H eeqss, ¢
is the heat amount demanded in S;. The hot water quantity of heat (Hgyg, 1 )
outputted from S; is Hi,g, ¢+ Hges, 1~ Hpeeas;c - The cost of fuel cell exhaust
heat Hg, ; differs according to the production of electricity Egg ( of a fuel
cell; the following section describes the details of these relations. Although
the temperature of the hot water outputted from S; is Ty, ¢, there is heat re-
lease of Hs it for the piping as it arrives in S;,; from S;. Therefore,
with the hot water inputted into S;,,, the temperature falls to T, ¢, and
the quantity of heat is Hi,s;,, « = (Hous;«—Huws;_g,;,.1) - Furthermore, in house
Sis1, the exhaust heat Hyg,,  is outputted by the generation operation of
the fuel cell. The analysis of “the hot water quantity of heat that sets the
heat amount demanded in S;;; to Hjeeds,t, and is outputted from S;
is Houesiyyt = Hinsiyyt T Hiesit = Hneeds;,,,t 18 calculated for all the houses.
Figure 2.5(c) shows a model of HWN that connects S; and S;,,. The inside di-
ameter of the hot water piping is set to Disi_i > the outside diameter is set to
Do, » and the outside diameter of the heat insulating material with which the
piping is equipped is expressed as Desi o - When the heat conductivity of the
piping material and the thermal insulation is set to k, and k., respectively, the
coefficient of the overall heat transmission (KSHM) ) of the hot water and the
surface of the heat insulating materials is expressed by the following equation.
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Fig. 2.5 Heat model for the hot water piping network
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Moreover, the outside air temperature of time t is set to T.,; for the outlet hot
water temperature ( Toy g, ¢ ) of @ house by S;, and the heat release (Hw,Si-(M), ) in
piping of length lsi—(i+1) that connects S; and S;,; is calculated by the following
equation. However, the exhaust heat temperature of the fuel cell is set to 353K
(80°C) in the analysis example described later.

HW>Si—(i+1),t = Ksi—(i+1) ' Do,Si—(m) ‘T lsi—(i+1) ' (TOUtaSiat - Tw,t ) (22)
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2.4 Energy Balance

The number of the houses linked to a fuel cell network shown in Fig. 2.1 is set
to Nyq . Each number is set to Ng, N, and Ny,, although a fuel cell, a re-
former, and a boiler are installed in any of the houses. In the lower part of the
figure, the energy balance of the power and the heat of the system in sampling
time t is described.

2.4.1 The Balance of Power

Equation (2.3) is a balance equation of power. The left-hand side of Eq. (2.3)
expresses the power outputted to FMG from the fuel cell of the number Ny, that
is generated. On the other hand, the first term on the right-hand side of Eq. (2.3)
expresses the power consumption in the number of the houses N4 linked to a
network. The second term on the right-hand side of Eq. (2.3) expresses the power
consumed with the circulating pump supplying hot water to HWN. In the analysis
example of following section, the power of a hot water circulating pump is calcu-
lated as consumption according to a hot water quantity of flow.

Nfe Npd

ZEfc,i,t = Z Eneed,j,t + Epump,t (2.3)
i=1 =

2.4.2 The Balance of Heat

Equation (2.4) is a balance equation of heat. The left-hand side of Eq. (2.4) ex-
presses the exhaust heat of a fuel cell, the exhaust heat of a reformer, the heat
output of a boiler, and the heat output of a heat storage tank, respectively. On the
other hand, the right-hand side expresses heat consumption with the number of
houses N4 linked to a network, and the heat release in hot water piping that
connects each house.

Nfe Npo Npd Npg

ZHfCIt + ZHnth + ZHbolt +Hstt - aneed,mt + ZHwnt (24)
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2.5 Cost Calculation and Objective Function

2.5.1 Cost Calculation

(1) Operation Cost

Equation (2.5) expresses the operation cost of a system required between At from
sampling time t. The first term in the right-hand bracket of Eq. (2.5) expresses the
operation cost of reformers. The operation cost of reformers is calculated by mul-
tiplying by the amount of city gas consumed by the reformers (the number is
Nim ), and the unit price Jg,, of city gas. The second term in the right-hand
bracket of Eq. (2.5) expresses the operation cost of the circulating pump used for a
hot water network. The operation cost is calculated by multiplying by the power
consumption and the power unit price. The third term in the right-hand bracket of
Eq. (2.5) expresses the operation cost of boilers.

Nrm NSl
Yd,t = [ZQrmj,t Js,rm+ Epump’; ’ Js,purnp"' ZQbo,k,t : Js,boj At (2 5)

i=1 k=1

(2) Equipment Cost

Equation (2.6) calculates equipment cost from the installed capacity and the ca-
pacity unit price. The right-hand side of Eq. (2.6) expresses the equipment cost of
fuel cells, reformers, boilers, heat storage tanks, HWN, and hot water circulating
pumps, respectively.

Nfe N Nbo

Yc = z Ufc,i 'Jc,fc+ Z Urm,j 'Jc,rm+ z Ubo,k' Jc,bo+ Ust : Jc,st
i=1 j=1 k=1
Nipg
+ Z Upih,m : Jcl,pih + Upump' Jc,pump

m=l

2.6)

(3) Equipment Installation Cost

Equation (2.7) is a formula for the installation cost of equipment. In this paper,
cost is taken into consideration for the installation of the fuel cell, the reformer,
the boiler, and the heat storage tank, which are shown on the right-hand side of
Eq. (2.7). However, it assumes that the other equipment shown in Fig. 2.2 is in-
cluded in the installation cost of a fuel cell, and all the equipment shown in
Fig. 2.3 is included in the installation cost of a reformer.

Nfe N Nbo
Yr = ZJf,fc,n + ZJf,rm,j + ZJf,bo,k st 2.7)
n=1 = ps
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2.5.2 Objective Function

The objective function of the system is calculated by Eq. (2.8) using the value of
the cost of Egs. (2.5), (2.6), and (2.7). The minimum arrangement planning of the
equipment, capacity planning, and operation plan in the case objective function F
is investigated. g., g, ,and g4 in Eq. (2.8) express the weight of equipment cost,
the weight of the installation cost of equipment, and the weight of operation cost,
respectively. When any of the terms on the right-hand side of Eq. (30) is much
larger than the other terms, it is necessary to determine a weight so that the objec-
tive function does not depend on the term too heavily. However, in the analysis of
following section, all g, g, ,and g4 are calculated as 1.0.

Day

Fo =ge Yetgy Ye+ge Y Yo (2.8)
t=0

The third term on the right-hand side of Eq. (2.8) expresses the operation cost
of the system on a representative day. In the analysis, an operation plan in the case
of the value of Eq. (2.8) being the minimum is decided as the optimal solution.
Since calculation of optimization of this paper is non-linear with many variables, it
uses a genetic algorithm (GA) [14—19] for optimization calculation. The chromo-
some model showing the operating method of the system using GA decides that it
is “a solution with high fitness value” as an individual with a small value of the
objective function of Eq. (2.8).

2.6 Analysis Method and Case Study

2.6.1 Optimization Using a Genetic Algorithm

(1) Chromosome Model

Figure 2.6 shows the chromosome model used in the optimization analysis of GA.
The chromosome model composes gene models, and a gene model expresses the
arrangement and the output of fuel cells and reformers, and the route of HWN. In
the analysis example described later, the number of houses is set at 4-9, and the
installation of a fuel cell and a reformer is determined at random using a gene
model for each house. Furthermore, the output of a fuel cell and a reformer is also
decided at random, and is expressed by the gene model.
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Fig. 2.6 The chromosome model used for the genetic algorithm

(2) Expression of Hot Water Piping Route

As the section “Operation Model of the System” describes, according to the route
of HWN, the amount of heat release of the whole system differs, and the effi-
ciency of the system is affected. Therefore, the arrangement planning of equip-
ment and the route plan of HWN are predicted to affect cost. In this paper, the
path-planning program of HWN is developed using the idea of the traveling
salesman problem (TSP) [19]. Herein, the view of the order expression of route by
Dewdney is installed into TSP. According to this view, it is managed by a sym-
metrical number that is different from the housing number in the gene indicating
the route of HWN. By this method, when gene manipulation such as cross-over
and mutation is added to a chromosome model, models that show unachievable
routes do not appear. From this, the analysis efficiency improves sharply.

2.6.2 Equipment Characteristics Model

(1) Operation of a Fuel Cell

The production of electricity Ey;, (i=1,2,...,Ny ) of the fuel cell installed in any
Npdg

house at sampling time t determines the amount of power demanded ZEneed,Lt
j=1

in time t by random distribution. The gene model group of (a) of the chromosome

models shown in Fig. 2.6 shows the number of installations of fuel cells Ng, , and

the houses in which they are installed. Moreover, although the group of the gene

model of (d) expresses the generation rate in each fuel cell, the production of elec-
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tricity Eg ;¢ (however, i=1,2,.,N ) of each fuel cell is decided from these
values. The exhaust heat output of each fuel cell Hy;; (however, i=1,2,...,Ng,)
is decided by the characteristic model of the electric power and the exhaust heat
output of the fuel cell shown in Fig. 2.7. The characteristics of the electric power
and the heat output of a fuel cell shown in Fig. 2.7 were obtained by the experi-
mental results of the fuel cell manufactured as an experiment.
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(2) Operation of a Reformer

When the production of electricity of each fuel cell is determined, the quantity of
reformed gas required for generation will be determined from the characteristic
model of the production of electricity and the consumption of reformed gas of the
fuel cell shown in Fig. 2.8. A characteristic of the reformer of Fig. 2.8 is the model
created from the output characteristics of a fuel cell and a reformer manufactured
as an experiment. By the reformer installed in each house, the quantity of re-
formed gas produced is decoded and determines the value of the gene model of (b)
and (e) of the chromosome model shown in Fig. 2.6. If the amount of reformed
gas production of each reformer is decided; the exhaust heat output Hn,g
(however, x =1,2,...,N, ) will be decided from the relation of the ratio of load
and the ratio of reformation of Fig. 2.9.

2.6.3 Operation of the Heat Storage Tank and Boiler

The heat of (Hg, totalt + Him.total.t = Hreed,totar,t) 1S stored when the value to which
Nfe
is added exhaust heat Hiy o1 =2ch,i,t of the fuel cell and exhaust heat
i=1
N
Him totart = ZHrm,j,t of the reformer compared with the heat demand
j=1
Nipg
Heed totalt = Z:Hneed’k,t of all the houses linked to FEN at sampling time t is
k=1
exceeded. On the other hand, when Hg ot + Himtotart + Heee i less than

Npo

Hneed,total,t B the heat of (Hneed,total,t _ch,total,t _Hrm,total,t _Hst,t) = ZHbo,l,t 18
1=1

outputted to HWN from the boiler. On installing a boiler in all the houses, the heat
output of each boiler is determined so that the heat balance in each house does not
become negative. The city gas consumption of a boiler is calculated to a boiler
efficiency of 85%.

2.6.4 Specification of Hot Water Piping
and a Hot Water Circulating Pump

As shown in Table 2.1, the hot water piping uses a coat of polyethylene tube with
an inside diameter of 28 mm, and a wall thickness of 10 mm. The heat transfer
coefficients between the piping inner wall and the hot water is 2500 W/m’K, the
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Table 2.1 Specification of hot water piping

Material Polyethylene cladding tube
Coefficient of thermal conductivity 0.043 W/mK

Inner diameter 28 mm

Outer diameter 48 mm

heat transfer coefficient between the outer surface of the piping and the atmos-
pheric air is 20 W/m’K, and the heat conductivity of the piping is 0.043 W/mK.
The overall heat transfer coefficient between the hot water and the atmospheric air
is calculated using the value described above. Heat release H,, ., (however,
n=1,2,..,Nyq ) of the hot water is calculated by multiplying the overall heat
transfer coefficient by the piping length and the difference between the tempera-
ture of the hot water and the open air. The power of hot water circulating pump
Ppump 1s calculated by Eq. (2.9). In the analyses of this paper, the water head W,
shall be 7 m considering pipeline friction.

Ppump = pw'g'qw'wp (29)

2.6.5 Analysis Flow

The flow of the analysis program of arrangement planning optimization of FEN
developed in this paper is shown in Fig. 2.10. The initial data of the energy need
pattern of each house, the position of the house, the outside air temperature, the
overall heat transfer coefficient of the hot water piping, etc., the generation num-
ber, the selectivity probability, the number of individuals of a chromosome, muta-
tion probability, and the cross-over probability that are the GA’s solution parame-
ters are first inputted into the analysis program. The GA’s parameters are
determined by applying a trial-and-error method to find the best accuracy and
effectiveness of analysis. Next, the number that gave the chromosome model
shown in Fig. 2.6 before is prepared at random. If the first generation’s chromo-
some model group is set, each term under balance equation (2.3) of electric power
and heat balance equation (2.4) will be determined in the procedure of the sections
“Equipment Characteristics Model” and “Operation of the Heat Storage Tank and
Boiler”. If a chromosome model is decoded and the operating conditions of each
piece of equipment are set, cost can be calculated using Egs. (2.5)—(2.7). From the
result of the cost calculation, the fitness value of each chromosome model is cal-
culated using Eq. (2.8). In a chromosome model group, the top 60% of individuals
with a high fitness value is extracted, other models are discarded, and the new
chromosome models determined at random are added. Intersection and mutation
are added to the high chromosome model of the fitness value, and the newly cre-
ated chromosome model by probability is first given to the program. Cross-over
and mutation are added to the chromosome models of the high fitness value des-
cribed above, and the newly prepared chromosome model by probability is first
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The following data is input.

Energy demand pattern, position of houses, external temperature,
coefficient of overall heat transmission on the hot-water
piping.

v
Input of the GA parameters.

Generation number, probability of survival,
probability of mutation, probability of crossover.

v

Generating initial chromosome models.

N
¥

The following values are determined
by chromosome models.
The number of the fuel cells, the reformers and the boilers to operate.
[The installation locations of the fuel cells, the reformers and the
boilers. The amount of outputs of the fuel cells and the reformers.
The path of hot-water piping.

Calculations.
The amount of output of reformed gas from the reformers.
Exhaust heat outputs of the fuel cells and the reformers.
The amount of fuel consumptions of the reformers and the boilers.
Electric power consumption of the hot-water circulating pump
and the reformed gas compressor.

Next generation

v
The fitness values of all chromosome models
are evaluated.

v
Selection and reproduction calculation
of chromosome models.
Y

| Gene manipulation of crossover. |
v

| Gene manipulation of mutation. |

Y
The fitness values of all chromosome models
are re-evaluated.

An operational pattern is determined from the last
generation's chromosome model.

Fig. 2.10 The chromosome model used in the genetic algorithm

given to the program. For the chromosome model to which gene manipulation is
added, the fitness value of each model is re-calculated. Individuals with a low
fitness value in a chromosome model are discarded, and a chromosome model that
is newly determined is supplied at random. This calculation is iterated with the
generation number first given to the program. Among the last generation’s chro-
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mosome models, the highest model of fitness value is decided as a temporary
optimal solution. In the temporary optimal solution, which is obtained from the
analysis of Fig. 2.10 having been repeated at least 20 times, a solution with the
highest fitness value is determined as the optimal solution. In the analysis of the
following section, it is considered to be 5000 chromosome models, and the genera-
tion number is set at 10-20. Moreover, mutation probability and cross-over prob-
ability are set at 0.01.

2.6.6 Analysis Conditions

The city area model assumed in the analysis of this paper is shown in Fig. 2.11.
FEN to four buildings of houses S, , Sc, Sg, and Sg of Fig. 2.11 is called the
four-houses model, and FEN to five buildings Sg, Sp, Sg, Sy, and S; is called
the five-houses model. Moreover, FEN to nine buildings S, to S; is called the
nine-houses model. Although the energy demand of each house shown in Fig. 2.11
differs due to the number of residents, composition age, lifestyle, etc., it is ana-
lyzed by giving the simplest possible energy demand pattern to an analysis pro-
gram in this analysis. Then, the average energy demand pattern of a 3—4 person
household in Sapporo [8] that shows the energy demand pattern of each house in
Fig. 2.12 is used. The power load pattern of Fig. 2.12(a) is consumption by house-
hold electric appliances and lighting, and electric air-conditioning equipment is
not used throughout the year. For this reason, as shown in Fig. 2.12(a), there is not
a large difference in the electricity demand pattern of each month. On the other
hand, the items of heat load are hot water supply, baths, and space heating. More-
over, the outside air temperature model of Sapporo used for calculating the heat
release in HWN is shown in Fig. 2.13 [20]. For Sapporo, a cold, snowy area, the
annual average temperature is 288 K, and the mean temperature in February and
August is 269K and 294 K, respectively. The equipment efficiency, the energy
cost, the cost of equipment, and the installation cost of equipment are used for cost

50
o
%30
w)
Z 20
o (5 8 [5)
g 10 20 30 40 50

Fig. 2.11 The arrangement
model of houses Distance [m]
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analysis are shown in Table 2.2. The fuel cell and the reformer are calculated to be
2500 dollars/kW and 1500 dollars/’kW, respectively. It is expected that these cost
values will be attained within several years. The equipment costs of other boilers,
heat storage tanks, and hot water circulating pumps are decided by a product cata-
log as reference. For equipment installation costs, such as for a fuel cell or a

boiler, the installation cost of a common home boiler or a hot water supply system
was assumed.
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Table 2.2 Analysis conditions of the case study
(3: U.S. dollar)

(Efficiency)
Boiler 85 %
Heat storage tank 90 %
(Energy cost)
City gas Js.mJspo 1.15 $/m’
Commercial electric power 0.0631 $/MJ
(Equipment specific cost)
Fuel cell unit Je. e 2,500 $/kW
City gas reformer Jerm 1,500 $/kW
Boiler Je ko 90 $/kW
Heat storage tank Jest 5,500 $/m’
Hot-water piping Je pin 50.0 $/m

Hot-water circulation pump .J C,’pﬁmp 100 $/(m’/h)

(Equipment installation cost)

Fuel cell unit Jr. s 500 $/Unit
City gas reformer Jfm 500 $/Unit
Boiler J 1 ko 400 $/Unit
Heat storage tank J st 400 $/Unit

2.7 Analysis Result

2.7.1 Operation Plan of the Fuel Cell and the Reformer

Figure 2.14 shows the analysis result of the electric power of a fuel cell, and the
exhaust heat output and the analysis result of the reformed gas output of a re-
former when installing a fuel cell network into the four-houses model.

Table 2.3 is the result of analysis using an energy demand pattern and the out-
side air temperature data of a representative day in February, May, and August,
and is a result of the capacity of a fuel cell, a reformer, and a boiler and the instal-
lation location of the four-houses and the five-houses models. In the analysis result
of the four-houses model shown in Fig. 2.14, although a fuel cell is installed in
two houses, Sc and S, for all months, a reformer is scheduled to be installed in
one house. The electric power and the heat output of fuel cells are different in their
output characteristics of two sets to other months, although the two sets of outputs
will be almost the same in February. The reason for this is explained in detail in
the section “Quantity of Flow of a Hot Water Circulating Pump”, and it is because
heat release by HWN is large, and a plan is made for representative days in Febru-
ary so that the heat transport using HWN can decrease. That is, although a fuel cell
of the same capacity will be installed in a symmetrical position on a representative
day in February, and exhaust heat is supplied to the house with the equipment
installed and a nearby house, heat is not supplied to distant houses. Furthermore,
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Table 2.3 Results of the arrangement plan and equipment capacity for FEN

(a) Four-houses model (b) Five-houses model
M Sc Se S S5 Sp Sk N S

February February

Fuel cell 1.6kW 1.6kW Fuel cell | 1.4kW 1L.7kW | 0.4kW

Reformer 0.08g/s Reformer 0.1g/s

Boiler 5.0kW | 9.0kW | 9.0kW | 6.7kW Boiler 9.0kW | 7.0kW | 9.0kW | 6.7kW | 4.0kW
May May

Fuel cell 2.0kW 1.1kW Fuel cell 1.5kW | 2.4kW

Reformer 0.1g/s Reformer 0.17g/s

Boiler Boiler
August August

Fuel cell 2.0kW 1.1kW Fuel cell | 1.7kW 0.7kW 1.5kW

Reformer | 0.1g/s Reformer 0.07g/s 0.02¢/s
Boiler Boiler

although a reformer is scheduled to be installed in house Sy on a representative
day in February, this result does not overlap with the houses in which fuel cells are
installed in order to effectively use the exhaust heat output of the reformer.

2.7.2 Amount of Hot Water Heat Release and the Hot Water
Piping Route

Figure 2.15 shows the analysis results of the route plan of the hot water piping of
the four-building model and the five-building model, and the flow direction of hot
water. The route plan of hot water piping, the house used as the starting point of
HWN, and the flow direction of hot water show the same results every month in
the four-building model. On the other hand, although the route result of the hot
water piping of a five-building model is the shortest route by which each house is
connected in any month, each result of the house used as the starting point of
HWN, and the flow direction of hot water differs every month. However, since the
energy demand pattern of each house is the same, the house used as the starting
point of HWN and the flow direction of the heat medium do not affect the objec-
tive function equation (2.8). Figure 2.16 shows the analysis result of the time
change of the hot water piping heat release every month. Since it is dependent on
the difference in temperature of a medium and the outside air temperature, there
will be great heat release of HWN in February. Especially on representative days
in February, there is great heat release in a time zone with little heat demanded.
The heat release at each time in August is characterized by many upward slants to
the right. This is because there is little heat demanded by each house, so the heat
transported by HWN increases, and as a result, the hot water temperature rises and
the heat release increases.
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Fig. 2.16 Heat release of HWN for the four-houses model

2.7.3 Quantity of Flow of the Hot Water Circulating Pump

Figure 2.17 shows the analysis result of the heat-medium (physical properties
using the value of water) quantity of flow that flows through the inside of HWN.
The heat-medium quantity of flow (quantity of flow of a hot water circulating
pump) determined that 363 K was not exceeded at any position of HWN. There is
little heat-medium flow in the four-building model and the five-building model,
and there will be little transportation of heat between each house in February. The
difference in temperature of a heat medium and the open air is large, and the heat
release will be large in February. Then, transportation of heat between each house
through HWN is suppressed, and a plan is made so that the heat demand of each
house may be supplied with the exhaust heat of the fuel cell installed in each
house, the reformer, and the heat output of the boiler.
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Fig. 2.17 Flow rate of the hot water circulating pump
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2.7.4 Operation of the Heat Storage Tank and the Boiler

Figure 2.18 shows the analysis result of the amount of heat surplus that was set at
the starting time of operation of the system as 0:00, and was calculated from the
heat balance for every time. Since there is high heat demand at each time, there is
little heat surplus in February compared with other months. From the characteris-
tics of Fig. 2.18, the capacity and the operation plan of thermal storage can be
designed considering the energy demand pattern of every month. Figure 2.19
shows the analysis result of the boiler output in each time of representative days in
February. As Table 2.3 shows, on representative days in February, any model is
planned so that a boiler can be installed in all the houses.
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2.7.5 Cost Analysis Results

Figure 2.20 shows the analysis results for cost operation (Fig. 2.20(a)) for every
month, equipment cost (Fig. 2.20 (b)), and the installation cost (Fig. 2.20(c)) of
equipment for the four-building model, the five-building model, and the nine-
building model. Moreover, Fig.2.20(d) shows the total cost as a result of
Fig. 2.20(c) from Fig. 2.20(a). However, each result of Fig. 2.20 is arranged as
cost per house. Furthermore, the cost of an independent system that installs a fuel
cell, a reformer, a boiler, and a heat storage tank in an individual house, and that
performs energy supply is shown in Figs. 2.20(b)—(d). The cost per house com-
pared with an independent system decreases, so that the number of the houses
connected to FEN from the result of Fig. 2.20(d) increases. In FEN planned using
the energy demand pattern in February, 18%, 22%, and 25% of the total cost is
reduced by the four-houses model, the five-houses model, and the nine-houses
model compared with an independent system, respectively. When constructing
FEN in the houses of four to nine buildings analyzed in this paper, the total cost
per building can be reduced by optimizing the arrangement planning of the
equipment as well as the system operation plan, so that there are many houses.
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2.7.6 Consideration of Analysis Accuracy

In order to investigate the difference in fitness values and the difference in opera-
tion plans, the solution (solution with a sufficient fitness value to the second term
of Eq. (2.8)) of the second ranking of the four-building model is shown in
Fig. 2.21 and Table 2.4. Figure 2.21 shows the cost analysis results of the optimal
solution and the second ranking solution. Figure 2.21(a) expresses the analysis
result of the operation cost of a representative day every month, Fig. 2.21(b)
shows equipment cost, and Fig. 2.21(c) shows the result of the installation cost of

Table 2.4 The results of the arrangement plan of the FEN for the four-houses model. These
analysis results are the optimal solutions of the second ranking

Sa Sc Sk Sg
February
Fuel cell 1.9kW 1.3kW
Reformer 0.09g/s
Boiler 5.0kW 9.0kW 9.0kW 6.7k W
May
Fuel cell 1.0kW 2.1kW
Reformer 0.04g/s 0.06g/s
Boiler
August
Fuel cell 1.8kW 1.4kW
Reformer 0.08g/s
Boiler
T 5 B —.] 0()()7
;o’ 4 : First ranking 2nd ranking E 800:
5 3 i E 600:
5of & 400F
s % 200f
; 1 C Lc) 200 i
o
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total of the system operating cost, facility cost, and facility
installation cost per house.

Fig. 2.21 Four-houses model cost comparison of a different fitness value analysis result
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equipment. Figure 2.21(d) shows the total cost as a result of Fig. 2.21(c) from
Fig. 2.21(a). The difference in the total cost of the optimal solution and the second
ranking solution will be 0.1% in February and May, and will be 0.4% in August.
When the results of Tables 2.3(a) and 2.4 are compared on a representative day,
there will not be a big difference in the setting position or the output of the fuel
cells, reformers, and boilers in February. However, on representative days of May
and August, there will be a difference in the setting position and the output of the
fuel cells and reformers. In the analysis of the operation plan using GA, when the
difference in the value of the objective function is 0.4% or less, as shown in Ta-
bles 2.3(a) and 2.4, it differs.

2.8 Conclusions

A computer program that optimizes the equipment arrangement of each building
linked to a fuel cell network, and the route of the hot water piping network for
supplying the exhaust heat of a fuel cell and a reformer to each house under the
cost minimization objective has been developed. As a result of analyzing and
optimizing the fuel cell network of four to nine houses using the average energy
demand pattern of Sapporo, compared with a system that is not optimized, it
clearly showed lower equipment costs and installation costs of equipment. If it is
analyzed using the energy demand pattern of a house in February and outside
temperature data, there will be 18% to 25% cost reduction by optimization. The
heat release in a hot water piping network decreases, and it is for this reason that
the route of the hot water piping and the arrangement of equipment are planned. In
this study, further, the capacity of a heat storage tank, the arrangement planning of
a boiler and capacity, and the quantity of flow of the hot water circulating pump
were investigated, and the operation plan of each piece of equipment was de-
scribed. In this study, although the route plan of a hot water piping network and
the arrangement planning of equipment were investigated for a representative day
in February, May, and August, respectively, in order to actually install these plan
results, it is necessary to select the appropriate plan. It is necessary to select the
optimal plan from the result of the route of a hot water piping network, and the
arrangement of equipment for every month, and to investigate the results when
conducting system management through the year from now on.
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