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Highlights

»Evaluation model for the heat utilization of woody biomass was developed.
» A woody biomass—heated hot bath facility was assumed at Mt. Rokko, Japan.
»Societal value regarding tourist consciousness was estimated using CVM.

» Cost difference of fuels (wood chip and fossil fuels) was evaluated.

»GHG emissions from fossil fuel substitution in wood chips were evaluated.
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Abstract

This study aims to develop a model for the integrated evaluation of woody
biomass heat utilization considering the environment, economy, and society. Herein,
a woody biomass heat utilization business was virtually operated at Mt. Rokko, Kobe,
Japan. In the societal impact assessment, a questionnaire survey was conducted to
clarify tourist opinions regarding the hypothetical hot bath facility, and its societal value
was estimated using the contingent valuation method. The total benefit estimated
based on the willingness to pay was 5.92 million USD. In the economic evaluation,
an economic model was constructed using life cycle cost. If kerosene was added to
the wood chips, the optimum scale of the wood chip boiler installed was 687 kW, and
the fossil fuel substitution rate reached 95.9%. The difference between the annual
cost was —126.74—100.12 thousand USD. In the environmental impact assessment,
a life cycle assessment was conducted to clarify how the use of woody biomass heat
may change the environmental impact of the hypothesized hot bath facility. The net
greenhouse gas emissions per 1 GJ were —69.9 kg-CO2¢/GJ in kerosene.

Keywords

Woody biomass; heat utilization; regional revitalization; contingent valuation method;
life cycle assessment; life cycle cost

Abbreviations

3EID: Embodied Energy and Emission Intensity Data for Japan Using Input-Output
Tables

CHP: Combined Heat and Power

CVM: Contingent Valuation Method

FIT: Feed-in Tariff

FY: Fiscal Year

GHG: Greenhouse gas

IDEA: Inventory Database for Environmental Analysis
JANRE: Japan Agency for Natural Resource and Energy
JFA: Japan Forest Agency

LCA: Life Cycle Assessment

LCC: Life Cycle Cost

MWTP: Marginal Willingness to Pay

RHI: Renewable Heat Incentive

WTP: Willingness to Pay
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1. Introduction

Japan has abundant forest resources, accounting for approximately 70% of
the total land area. According to the Japan Forest Agency (JFA) [1], the forest stock
reached 5.2 billion m3in 2017, which is nearly 2.7 times that in 1966. After World War
Il, timber demand expanded rapidly owing to the recovery and development of the
country. The national government promoted forestation and forestry development.
However, as timber was imported into Japan with a high price advantage, the market
share of domestic timber gradually declined, and the supply volume of domestic
timber dropped sharply. Due to the loss of competitiveness of domestic timber, large
forest areas were left unattended, and forest area increased rapidly. In 1960, the self-
sufficiency rate of domestic timber was approximately 89% [1]. The self-sufficiency
rate decreased to 19% in 2002. Since 2002, the self-sufficiency rate has gradually
recovered, reaching 36% in 2017 [1]. One reason that the self-sufficiency rate has
recovered is the decrease in the supply of imported timber owing to the decrease in
the total demand for timber. Since 1990, forest stocks have been increasing at a rate
of 78 million m? per year. The supply of domestic timber in 2017 was approximately
30 million m3, which is less than one-third of the annual increase in forest stock [1].

In recent years, woody biomass represented by forest resources has been
attracting attention in Japan as a renewable energy source and is widely used for
both power generation and heat utilization. With regard to power generation, the
Feed-in Tariff (FIT) scheme was introduced in Japan in 2012, and the total output of
national woody biomass power generation plants was 1,147 MW in FY2016' [2].
Compared with power generation, heat utilization is low [3]. The energy utilization of
woody biomass is expected to expand more rapidly in the future.

To build a sustainable society, it is necessary to consider the environment,
economy, and society together [4]. The energy utilization of woody biomass may
satisfy three aspects from the viewpoint of the aforementioned ecosystem services.
There are many studies on the energy use of woody biomass, focusing on the three
aspects. In terms of the economic aspects, Yanagita et al. [5] clarified the relationship
between the raw material procurement price and the break-even point in the woody
biomass power generation business. Kuboyama et al. [6] developed a profitability
evaluation tool for CHP projects that use woody biomass and the conditions for
establishing the combined heat and power (CHP) project. Moon et al. [7] conducted
an empirical study on the impact of expanding woody biomass use on the local
economy. The supply and utilization potential of woody biomass based on
procurement cost was also evaluated [8], [9], [10], [11].

In terms of the environmental aspect, Japan Wood Energy [12] estimated
greenhouse gas (GHG) emissions during the woody biomass fuel procurement
process, and clarified that woody biomass fuel has a lower environmental impact than
fossil fuels. Kayo et al. [13] clarified the GHG emission reduction effect of a woody
biomass district heat supply system. Tabata et al. [14] clarified the GHG reduction
effect by evaluating the difference in the co-firing method of thinned timber.

In terms of the social aspect, Mamada et al. [15], [16] conducted a survey of

' FY means Japanese fiscal year. For example, FY2016 starts from April 2016
and ends to March 2017.
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local residents on their intention to use woody biomass. Ahl et al. [17] conducted an
interview survey with stakeholders in the supply chain to investigate the success
factors influencing businesses using woody biomass for power generation. Hodges
et al. [18] conducted a survey of private forest landowners in the southeastern United
States regarding their attitudes and consciousness toward forest energy use.
Campbell et al. [19] clarified the Marginal Willingness to Pay (MWTP) for electric
power utilization of thinned timber from public forests.

In terms of both the economic and environmental aspects, Jastad et al. [20]
analyzed the use of woody biomass in the Nordic thermal and electric power sector
in 2040; they found that GHG emissions from the electric power and thermal sector
might be reduced by 4% to 27%. Komata et al. [21] clarified the environmental
performance of power generation and a CHP system using only woody biomass and
external cost reduction. Tabata and Okuda [22] evaluated the environmental and
economic impacts of replacing fossil fuels with woody biomass for household heating.
Jackson et al. [23] identified the economic and environmental implications of
introducing the woody biomass industry to rural US. Kishita et al. [24] predicted the
environmental burden and economic viability of future woody biomass power
generation projects through a scenario analysis considering uncertainties. Focusing
on both the economy and society, Bowda et al. [25] analyzed the reasons for the
failure of the woody biomass pellet projects in Sub-Saharan Africa in terms of cost,
technique, skill, and human resources.

Most previous studies have analyzed power generation, whereas few studies
have evaluated heat utilization. In addition, most studies evaluated the environment,
economy, or society separately or considered only two factors. Since woody biomass
use is a significant consideration in climate change and regional revitalization, it is
necessary to integrate environmental, economic, and societal analyses to identify
their relationships and joint effects. Cambero and Sowlati [26] reviewed the energy
and product use of woody biomass and conducted a comprehensive environmental,
economic, and societal analysis. They discuss job creation as a representative
societal factor. While job creation is important, discussing consumer awareness of
woody biomass to promote its effective use is equally important. This study aims to
develop a model for the integrated evaluation of the woody biomass heat utilization
business from three aspects: environment, economy, and society. For this purpose,
we conducted studies focusing on the reduction of GHG from the environmental
perspective, the evaluation of business feasibility from the economic perspective, and
the awareness of heat users from the societal perspective. The authors have
conducted studies on the estimation of woody biomass potential and the awareness
of the citizens of Kobe regarding the heat utilization business of woody biomass in
Kobe [27]. This study extends a previous study which evaluated a woody biomass
heat utilization business from the comprehensive perspective of the environment,
economy, and society.

2. Materials and methods

2.1 Case study area

Figure 1 illustrates the case study area. The total land area of Kobe is 557
km?2. The estimated population is 1.52 million (in 2020) [27][28]. Mt. Rokko is the

5
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generic name of a mountain range stretching 30 km from east to west. The Kobe
coastal urban area is close to Mt. Rokko, which is famous for sightseeing, and where
there are recreational facilities such as observation decks, botanical gardens, ski
resorts, and athletic facilities at the top of the mountain. Approximately 1.87 million
tourists visited Mt. Rokko in 2018 [28].

¥__ :
(b) Kobe and Mt. Rokko.
Figure 1 Location of case study area
Note: The dotted line is the area of Mt. Rokko, and the urban area of Kobe is on the
south side of Mt. Rokko.

2.2 Model of this study

A model consisting of societal, economic, and environmental impact
assessments was developed (Figure 2) to evaluate the woody biomass heat
utilization business in Kobe and Mt. Rokko. Although no woody biomass heat
utilization business was operated at Mt. Rokko as of January 2022, this study
assumed that a hot bath facility that utilizes woody biomass for heat is virtually
operated at Mt. Rokko. A hot bath facility was used, as it is familiar to Japanese people
[29]. In the societal impact assessment, a questionnaire survey was conducted to
clarify tourist consciousness regarding the facility, and its societal value was
estimated using the Contingent Valuation Method (CVM). Nakahara et al. [29]
clarified citizen awareness of a woody biomass heat utilization business in Kobe and
Mt. Rokko using the CVM. This study combines the results of citizens and tourists to
estimate the benefits of using woody biomass at Mt. Rokko. An economic model was
constructed using the life cycle cost (LCC) model. This analysis clarified how the use
of woody biomass affects the economic efficiency of a facility. In the environmental
impact assessment, an Life Cycle Assessment (LCA) was conducted to clarify how
the use of woody biomass heat would impact the surrounding environment. By
integrating the three aspects of environment, economy, and society, we
comprehensively examined the effects of the hypothesized hot bath facility on forest
maintenance and regional revitalization. Finally, we constructed a methodology for
the development of an environmentally, economically, and socially sustainable
community considering use of woody biomass.
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Figure 2 Environmental, economic, and societal evaluation model framework

2.3 Societal impact
2.3.1 Questionnaire survey

The questionnaire survey comprised a face-to-face survey conducted with
201 tourists at the site of the recreation facility on Mt. Rokko on November 24 and 25,
2018. The number of valid responses was 194, with a valid response rate of 96.5%
after excluding incomplete responses. The questionnaire is shown in Table 1.
Respondents were asked about their awareness of Mt. Rokko and the likelihood of
using the hypothesized hot bath facility. Questions regarding awareness reflected
those used in a questionnaire survey of 522 Kobe citizens on December 12 and 13,
2017 by Nakahara et al. [29] to compare with results of citizens and tourists. The
questionnaire survey for citizens of Kobe was conducted online. In this study, we
examined how WTP results obtained with CVM differ between Kobe citizens and
tourists.

Table 1 Questionnaire survey items
Composition of Question
questionnaire
Questions about basic Age, sex, residence, number of visitors, number of
attributes visits, visitor composition, purpose of visit, travel time,
and trigger for visit
Questions about awareness

Intention to use Imagine that a day-trip bathing facility equipped with
hypothesized hot bath facilities to warm water using woody biomass
facility harvested at Mt. Rokko will be built at the foot of Mt.
Note: Same questions as Rokko. The usage fee of this bathing facility is 800 JPY
Nakahara et al. [29] (7.60 USD?) per adult. In this bathing facility, a

contribution to support the growing and maintaining of
the forest of Mt. Rokko is added to the usual usage fee
at 200 JPY (1.90 USD) per adult. At this time, would

°The exchange rate applied was 0.0095 USD = 1 JPY (as of 13 February 2021).
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you consider paying the contributions in addition to the
use fee for bathing facility?

*If answer was “Yes,” the same question was asked
again with a charge of 300 JPY (2.85 USD)

**If answer was “No,” the same question was asked
again with a charge of 100 JPY (0.95 USD)

2.22CVM

Based on the results of the questionnaire survey, CVM was applied to
estimate the Willingness to Pay (WTP) of tourists. “Excel for CVM Version 4.0” was
applied to calculate the WTP [30]. The total benefit of the hypothesized hot bath
facility (the total benefit of tourists and citizens of Kobe as a result of the project being
implemented) is calculated by multiplying the WTP of households in Kobe with the
number of tourists by the total number of households in Kobe and the number of
tourists [27], [28].

2.4 Economic impact
2.4.1 Evaluation model

To evaluate the economic and environmental impacts of woody biomass heat
utilization, two heat utilization systems using wood chips (target system) and fossil
fuels (original system) are assumed. City gas, heavy oil, and kerosene were
considered fossil fuels. The systems were compared in terms of their economic and
environmental impacts (Figure 3). The original system consists of a fuel procurement
process, heat utilization process, and boiler introduction process. The target system
consists of a fuel procurement process, heat utilization process, boiler introduction
process, and waste disposal process. This study assumed that no ash was generated
in the original system. Wood chips were selected because they can be applied for
large-scale heat utilization in a cost-effective manner [31]. Japan Wood Energy [32]
also proposed using wood chips and fossil fuels together because the wood chip
boiler has a high initial cost, and it is difficult to control the output promptly. This
disadvantage may be overcome by integrating a fossil fuel boiler.

Original system (Fossil fuel only)

Resour_’ce N Resource N Fossnft_.lel N Fossil fuel N _Ijlea_t - Boiler introduction
extraction transport production transport 3 utilization
Fuel procurement process Heat utilization Boiler introduction
process 3 process

Target system (Combined use of chips and fossil fuel)

Boiler introduction

Log. N Log N Chip§ N Chips ;
production transport production transport v | Boiler introduction
Heat 3 process
utilization S
Resource N Resource N Fossil fgel N Fossil fuel Ash treatment
extraction transport production transport 3
Fuel procurement process Heat utilization Waste disposal

process 3 process
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Figure 3 Heat utilization system comparison

Table 2 lists the cost items considered for the economic evaluation. The cost
required for utilizing woody biomass heat is divided into the initial and running costs.
The initial cost of the target system is divided into the introduction costs of wood chips
and fossil fuel boilers. The initial cost of the original system is only the introduction
cost of the fossil fuel boiler. Although the initial cost of woody biomass boilers is higher
than that of fossil fuel boilers, the fuel cost of woody biomass is lower [32]. Therefore,
the total cost of the target system may be lower than that of the original system in
terms of its life cycle. In this study, the difference in annual costs between woody
biomass and fossil fuel use for heat utilization in the hypothesized hot bath facility
based on the life of the boiler was used as an index for economic evaluation.

Table 2 Cost items for economic evaluation
Target system Original system
(Combined use of wood chips (Fossil fuel only)
and fossil fuel)
Initial cost Costs of introducing the wood Cost of introducing the fossil fuel
chip boiler and the fossil fuel fired fired boiler

boiler
Running Fuel, property, and operating Fuel, property, and operating
cost costs costs

2.4.2 Basic economic evaluation data

The size of the hot bath facility affects boiler output and fuel consumption. It
was necessary to determine the scale of the facility before conducting an economic
evaluation. Nakahara et al. [29] estimated the scale of the corresponding hot bath
facility based on the energy potential of the woody biomass of Mt. Rokko. Based on
the results, we selected an existing hot bath facility in Kobe and used a similar scale.
An interview survey was conducted to determine the basic data of the hypothesized
hot bath facility. The interview survey gathered basic information such as the facility
area and operating status of the boiler, such as fuel consumption. Table 3 shows the
basic data for economic evaluation. The boiler scale and annual heat demand of the
hypothesized hot bath facility were calculated from the results of the survey. Because
the original system uses only fossil fuels, the heat supply of the fossil fuel boiler is the
same as the annual heat demand of the interviewed facility. In the case of the target
system, the scale of the boiler and annual heat demand are estimated from the
regression formula between the heat supply of the wood chip boiler and the output of
the boiler obtained from the interview survey.

The calculation procedure for the scale of the boiler and annual heat demand
is as follows:

a) The average heat demand per hour is calculated by Equation (1).

Dy == (1)
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where Dy is the average heat demand per hour, D, is the monthly heat demand of
the hot bath facility obtained from the interviews, and h is the operating hours of the
hot bath facility.

b) The average heat demand per hour was compared with the output of the wood
chip boiler. If the wood chip boiler output was high, the monthly heat supply was
calculated using Equation (2). If the wood chip boiler output was low, the monthly
heat supply was calculated using Equation (3).

Hym = h X Dy, (2)
Hym = h X0y 3)

where Hwm is monthly heat supply, O is wood chip boiler output.

c) The annual heat demand was calculated using Equation (4). In this study, the
heat supply of the wood chip boiler was assumed to remain steady throughout
the year.

Dy, = Hym X 12 4)

where Dy is annual heat demand. 12 indicates 12 months.

d) The regression formula between the output and annual heat supply was
calculated. Then, the output scale is assumed to vary within 50 kW of the
maximum value of the average per-hour heat demand.

e) The annual heat supply of the fossil fuel boiler was calculated by subtracting the
annual heat supply of the wood chip boiler from the annual heat demand of the
facility.

where Hy is the annual heat supply of the fossil fuel boiler and Hyy is the annual heat

supply of the wood chip boiler.

Table 3 Basic data for economic evaluation

Factor and setting

Item Unit o
conditions
Hypothesized hot bath facility
O Total boiler output of heat utilization system [kW]
Hi Total heat supply of heat utilization system [MJ/year]
Fuel price
P, Price of wood chips [JPY/MJ]

10
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P Price of fossil fuel [JPY/MJ]
Original system (Fossil fuel only)

O# Fossil fuel fired boiler output [kW] On=0x

Cwn1  Fossil fuel fired boiler cost [JPY] C»=8090.60¢"

Hys Heat supply form fossil fuel fired boiler [MJ] Hz=H;

Target system (Combined use of wood chips and fossil fuel)

Ow Wood chip boiler output [kW]

Cw  Wood chip boiler cost [JPY] Cw»=630470,+1072
Hy, Heat supply form wood chip boiler [MJ]

O Fossil fuel fired boiler output [kW] Op=0;—0,

Cn2  Fossil fuel fired boiler cost [JPY] C»=8090.60r,"

Hy Heat supply form fossil fuel fired boiler [MJ] He=Hq—H,,

1: regression formula of Figure 4 was adopted. 2: regression formula derived from [31] was
adopted.

To create the regression formula between the heat supply and output of the
wood chip boiler, the wood chip price, fossil fuel price, and wood chip boiler output
were set as explanatory variables. This was done because the price of fossil fuels
varies by type and time, the ratio of the wood chip and fossil fuel boiler outputs in the
target system is difficult to determine, and the price of fuel and the ratio of output of
the boiler in the target system significantly influences the annual cost. The price of
the fossil fuel boiler was calculated using the regression formula between the boiler
output and price (Figure 4). The price of the fossil fuel boiler was determined using
data from six companies via an online survey. The price of the wood chip boiler is
calculated from the regression formula between the output of the boiler and the price
of the boiler, which was published by Japan Wood Energy [32]. The Boiler efficiency
and expected lifetime of the boiler were set as 90% and 15 years, respectively [32].

20,000
15,000
&
> @)
Q
E. 10,000 y = 8.0906x O
= R2=0.9433
S
3 O
[S)
M @)
5,000
B
i
0
0 500 1000 1500 2000

Output [kW]

Figure 4 Cost of fossil fuel boiler
Table 4 shows the estimation method for each cost of the original system.
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The depreciation cost is set at a residual value of 1 JPY (0.0095 USD) based on the
guidelines of the Japan National Tax Agency [33]. As the running cost, the property
tax was calculated as the average value for 15 years by setting to 1.4% of the initial
cost remaining value [32]. The fuel cost was calculated by multiplying the annual heat
demand by the fossil fuel price.

Table 4 Estimation method for each cost of the original system
Factor and setting

ltem Unit .
conditions
Initial cost
Cirr  Total cost of introducing fossil fuel fired [JPY] C#=8090.60#"
boiler

C,'1 Summation [JPY] C,'1=th1

Cq1  Depreciation expense of initial cost [JPYlyear] Cu=(Cin—1)/11572

Running cost

Cor Operating cost [JPYlyear]

Cp1  Property tax [JPYlyear] Cp= Y1%,[0.014(C;; —
nCy1)]/15°3

Cr  Fuel cost [JPY/year]  Cu=HsPs

C+ Summation [JPYlyear]  Cy=Co1+Cp1+Ci1

Car Annual cost of original system [JPYlyear] Ca1=Cy1+Cn

1: Regression formula of Figure 4 was adopted. 2: 15 years is the expected lifetime of the
boiler [32]. 3: 1.4% is the initial cost remaining value [32].

Table 5 presents the estimation method for each cost in the target system.
As the initial cost, the installation cost is estimated from the price of the boiler by
applying the ratio of various costs to the wood chip boiler installation cost [31]. As the
running cost, the property tax is estimated using the same method as the original
system. The operation and maintenance costs vary greatly depending on the
operating conditions of the hot bath facility. In this study, the increase in operation and
maintenance costs owing to the introduction of the wood chip boiler was set to 2.5%
of the initial cost, referring to the implementation example [34]. The fuel cost is
calculated by multiplying the annual heat supply of each boiler by the fuel price; 50%
subsidies were introduced because there are many cases in which subsidies were
applicable [31].

Table 5 Target system cost estimation method
Factor and setting

ltem Unit

conditions
Initial cost
Cw Total cost of introducing the wood [JPY] Cw=2.5Cup’
chip boiler
Ci#> Total cost of introducing the fossil fuel [JPY] Cr=8090.60x2
fired boiler
Ciz Summation [JPY] Ci=Ct*Cp

Ca2 Depreciation expense of initial cost [JPYlyear] Cp=(C2—1)/153
Running cost

12
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Co2 Operating cost [JPY/year] Co1—C02=0.025C;2*

Cp2 Property tax [JPYlyear] Cpo=Y1%,[0.014(C;o —
nCqp)]/15 °

Cr  Fuel cost [JPYlyear] Crp=Hw:-Pc+Hrp Pt

Cr2  Summation [JPY/lyear] C2=Coot+CpotCr

Ca2 Annual cost of original system [JPY/year] Ca2=0.5Cq+C2°

1: total cost of introducing the wood chip boiler is 2.5 times of wood chip boiler cost
[31]. 2: regression formula of Figure 4 was adopted. 3: 15 years is the expected lifetime of
the boiler [32]. 4: introduction of the wood chip boiler is set to 2.5% of the initial cost
[34]. 5: 1.4% is the initial cost remaining value [32] and 15 years is the expected
lifetime of the boiler [32]. 6: 50% is subsidies [31].

Based on the evaluation model, the difference in annual costs owing to the
replacement of city gas, heavy oil, and kerosene with wood chips were estimated.
Table 6 lists the characteristics and prices of each fuel. Data from the Japan Wood
Energy [35], All Japan Wood-recycle Association [36], and Japan Woodchip
Manufacture’s Association [37] were used to determine the costs of wood chip. To
determine fossil fuel costs, data from the Japan Agency for Natural Resource and
Energy (JANRE) [38], [39] were used. Since the price of fossil fuels fluctuates yearly,
it is necessary to understand the impact of price reductions on fossil fuels on the
economics of the hypothesized hot bath facility. In this study, the fuel price in 2018
and the lowest price in 2016 since the oil shock in 2014 were used. The optimal scale
and cost difference of the wood chip boiler were estimated using the fossil fuel price
in 2018 and the maximum wood chip price (11.5 JPY (0.11 USD)). Next, the
fluctuation range of the difference in annual costs was calculated using the fossil fuel
price in 2016 based on the calculated scale of the introduction of the wood chip boiler.
The fuel price of city gas in 2018 was collected from an interview survey conducted
in a hot bath facility. Since the price of the city gas is lower than the price after 2000
announced by JANRE [40], it was assumed that the city gas price does not change.

Table 6 Characteristics and prices of each fuel
Factor and setting

Item Unit "
conditions
Wood chips
Moisture content of wood chips (wet basis) [%] MC=40"
Lower heating value [MJ/kg] LHV,=10.62
Price (2018) [JPY/kg] 8.5-11.5°3
[USD/kg] 0.081-0.11
City gas (13A)
Higher heating value [MJ/m3]  HHV=45.04
Lower heating value [MJ/m®]  LHV=0.90HHV, *
Price (2018) [JPY/m3] 71.68°
[USD/m® 0.68
Heavy oil
Higher heating value [MJ/L] HHV,=38.9 4
Lower heating value [MJL]  LHV,#=0.95HHV;*

13
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Price (2018) [JPYL] 81835
[USDL] 0.78

Price (2016) [JPYL] 57.295
[USDL] 0.54

Kerosene
Higher heating value [MJL]  HHV,=36.5%
Lower heating value [MJL]  LHV/=0.95HHV/*
Price (2018) [JPY/L] 100.08 5
[USD/L] 0.95
Price (2016) [WPYL] 72735

[USD/L] 0.69

1:[35]. 2: [36]. 3: [37]. 4 [38]. 5: [39].

2.5 Environmental evaluation
2.5.1 Evaluation model

Using the above results, the annual GHG emissions of the heat utilization
system were estimated when each fuel was used. The system boundary of the
evaluation was the same as that constructed in the economic evaluation (Figure 3).
The system boundary of the original system is separated into the following three
processes: fossil fuel procurement, heat utilization, and boiler introduction. The
system boundary of the target system also consisted of four processes: wood chip
and fossil fuel procurement, heat utilization, combustion ash disposal, and boiler
introduction. Each process, such as transportation, repair, and disposal of the
equipment used for the heat utilization system were excluded from the evaluation
target. GHG emissions were used as the evaluation index. The evaluated GHGs
included COz2, CH4, and N20. The functional unit is the annual GHG emissions of the
heat utilization system. The CO2, CH4, and N20O results were converted into GHGs
using the global warming potential factor for a time horizon of 100 years (CO2: 1, CHa:
25, and N20: 298) [41].

2.5.2 Basic data of environmental evaluation

The GHG emissions for the three processes of fuel procurement, heat
utilization, and waste disposal was calculated by multiplying input raw
materials/energy and GHG emission coefficients listed in Japanese LCA databases
‘Inventory Database for Environmental Analysis (IDEA) v2.2” [42]. The GHG
emissions for the boiler introduction process were calculated by the multiplying
production value of the boilers and GHG emission coefficients listed in Japanese LCA
databases “Embodied Energy and Emission Intensity Data for Japan Using Input-
Output Tables (3EID)” [43]. It is assumed that COz2 is avoided when wood chips are
burned using the concept of carbon neutrality. Table 7 shows the basic data for
environmental impact assessment. The output of the boiler is calculated from the
relational expression between the output and power consumption (Figure 5 and 6),
which was created based on the data obtained from the online survey. The
hypothesized hot bath facility was assumed to be built on Mt. Rokko. The
transportation distance was calculated using the actual road distance to the wood
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385
386
387

388
389

390
391

392

chip factory and incineration plant closest to the facility, as obtained from Google

Maps.
Table 7 Basic data for environmental impact assessment
. Factor and setting
Item Unit "
conditions
P Density of wood chips [t/m3] 0=0.26"
AC  Ash content of wood chips (dry [%] AC=1"
basis)
CP Chip production volume from [m3-chip/m3-log] CP=3"
logs
RP.  Rated power of wood chip boiler (kW] RP.~0.34020, 48312
RP;  Rated power of fossil fuel fired [KW] RP~0.01710p71093
boiler
HHV:  Higher heating value of fossil fuel [MJ/m?3 or MJ/L]
LHV:  Lower heating value of fossil fuel [MJ/m3 or MJ/L]
Dy Wood chip transportation [km] D,=15.5%
distance
Ds Ash transportation distance [km] D.=16.7*

1:[31], [34]. 2: regression formula of Figure 5 was adopted. 3: regression formula of Figure
6 was adopted. 4: actual road distance to the wood chip factory and incineration plant

closest to the facility.
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Figure 5 Rated power of wood chip boiler
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Figure 6 Rated power of fossil fuel boiler

Table 8 lists the input data for each process of the original system. Fossil fuel
production was estimated based on the annual heat demand of the hypothesized hot bath
facility during the fuel procurement process. The amount of fossil fuels used was
considered the same as the amount of fossil fuel produced during the heat utilization
process. The annual power consumption of the fossil fuel boiler was calculated by
multiplying the power consumption by the annual operating hours. Table 9 lists the input
data for each target system process. The amount of wood chips was calculated by dividing
the amount of heat supplied by the wood chip boiler by the lower heating value of the wood
chips in the fuel procurement process. Similarly, the amount of fossil fuel produced was
calculated. The log production volume was estimated as one-third of the wood chip
production volume [32]. The basic unit of log production is the transportation process. The
amount of chips and fossil fuel used were assumed to be the same as the amount of each
production during the heat utilization process. The annual power consumption of the wood
chip boiler was calculated by multiplying the power consumption of the boiler by the annual
operating hours. The fossil fuel boiler is an auxiliary when the heat demand exceeds the
output of the wood chip boiler and is not always in operation. Therefore, the power
consumption corresponding to the heat supply of the fossil fuel boiler was estimated. Each
cost of wood chip boiler introduction was calculated by multiplying the ratio of various costs
by the wood chip introduction cost by the JFA [31] at the heat utilization process.

Table 8 Input data for each process of the original system
Factor and setting

ltem Unit

conditions

Fuel procurement process
PVs#  Fossil fuel production volume [m3/year  PViy=H{LHV:

or L/year]
Heat utilization process
Ur  Usage of fossil fuel [m3/year  Un=PVp

or L/year]
EPr;  Electric power usage of fossil fuel fired [kWh] EP#=(0.278RPrHy)/O;'

boiler
Fossil fuel fired boiler introduction process
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Cwn1  Fossil fuel fired boiler cost [JPY] Cf»1=8090.60;2
1: [35]. 2: regression formula of Figure 4 was adopted.

Table 9 Input data for each process of the target system
Factor and setting

Item Unit I
conditions
Fuel procurement process
PV Wood chip production volume [m¥year] PV = Hy/(LHVWwp)
PV,  Log production volume [m¥year] PV,=PV,I/CP
Dw  Wood chips transportation distance [km] Dy=155"
PVs,  Fossil fuel production volume [m3year PVi = Hi/LHV?
or
L/year]
Heat utilization process
Us  Usage of wood chips [m¥year]  Uw=PVy
Ur  Usage of fossil fuel [m3/year Up=PVp
or
L/year]

EP, Electric power usage of wood chip boiler [kWh/year] EP,, = (0.278RPy Hw)/Ow ?
EPr, Electric power usage of fossil fuel fired [kWhiyear] Epy, = (0.278RPs « Hy)/Or?

boiler
Waste disposal process
AG  Ash generation amount [t'year] AG = Usp(1—MC)-AC
D, Ash transportation distance [km] D;=16.7"
Fossil fuel fired boiler introduction process
Cn2 Fossil fuel fired boiler cost [JPY]  Cm2=8090.60;3
Wood chip boiler introduction process
Cw»  Wood chip boiler cost [JPY]  Cwp» =630470,+1074
Cms Construction cost of machine roomand  [JPY]  Cms=0.32C °
silo
Cor  Other related construction costs [JPY] or=0.23Cup ©
Cot  Other costs [JPY] Cot=0.05Cus’

1: actual road distance to the wood chip factory and incineration plant closest to the

facility. 2: [35]. 3: regression formula of Figure 4 was adopted. 4: regression formula derived
from [31] was adopted. 5: [31].

3. Results and discussion

3.1 Societal impact
3.1.1 Questionnaire survey responses

Table 10 shows the questionnaire results. Most respondents were aged 20-39
years. Approximately 40% of the respondents visited Mt. Rokko for the first time.
Regarding the contribution fee, the positive responses were as follow: 48% (300 JPY; 2.85
USD), 34% (200 JPY; 1.90 USD), and 14% (100 JPY; 0.95 USD).

Table 10 Responses for questions

Age Below 19 6 Purpose | Leisure 187
20-29 60 of visit | Work 1
30-39 43 Extracurricular class 0
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40-49 29 Volunteer activities

50-59 29 Miscellaneous 5

60-69 18 Travel Below one hour 40

70-79 7 time From one to two hours 95

80+ 2 From two to three hours 25
Sex Male 80 Above three hours 33

Female 114 Trigger | Saw flyers and/or guidebooks 42
Residence | Kobe 42 of visit Introduced by friends and/or 47

acquaintances

Outside of Kobe 152 Visited websites 32
Number of | One person 4 Saw social media posts, such 12
visitors as on Twitter and Facebook

Two persons 100 Miscellaneous 61

Three persons 44 (3) Intention to use hypothesized hot bath facility

Four persons 19

Five persons or 27

more
Number of | First time 78 YY (300 JPY (2.85 USD)) 94
visits Second to third 63 YN (200 JPY (1.90 USD)) 66
time
Fourth to ninth 25 NY (100 JPY (0.95 USD)) 26
time
Tenth time or 28 NN (0 JPY (0 USD)) 8
more
Visitor Individual 4 Note: YY: first and second questions were “YES”.
compositio | With friends 39 YN: first question was “Yes” and second question
n With partner 39 was “No”. NY: first question was “No” and second
With family 39 question was “Yes” and NN: first and second
(without children) questions were “No.”
With family (with 65
children)
Miscellaneous 8
430
431  3.1.2 CVM Results
432 Figure 7 shows WTP for contributions. The WTP of the respondents was 298 JPY

433 (2.83 USD) as a median value, 345 JPY (3.28 USD) as an average value, and 254 JPY
434 (2.41 USD) with hedging at the maximum offer amount. The calculated median WTP was

435  nearly equal to the maximum proposed amount (300 JPY (2.85 USD)) set in this study.
436
437
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Nakahara et al. [29] conducted the same questionnaire survey in 2017 for the
citizens of Kobe. In this study, the result the WTP of tourists was compared with the WTP
of citizens. Table 11 shows comparison result of tourists and Kobe citizens. As a result, the
WTP of the citizens of Kobe was relatively low compared with that of tourists; where 21%
of the Kobe citizens answered 0 JPY, while only 4% of tourists answered 0 JPY.

Table 11 Response comparison of tourists and Kobe citizens
Analysis results

ftem Tourists Kobe citizens [27]

Number of respondents 196 522
Answers regarding contributions

300 JPY (2.85 USD) 48% 36%

200 JPY (1.90 USD) 34% 27%

100 JPY (0.95 USD) 14% 16%

0 JPY (0 USD) 4% 21%
WTP

Median WTP [JPY] ([USD]) 298 (2.83) 237 (2.25)

Mean WTP [JPY] ([USD]) 254 (2.41) 210 (2.00)
Total benefit [milion JPY] 474.98 (4.51) 14814 (1.41)

([million USD]

The total benefits of the assumed business was estimated to be 474.98 million
JPY (4.51 million USD) and 148.14 million JPY (1.41 million USD), respectively by
multiplying total number of households in Kobe in 2015 (705,459) and the number of
tourists in Mt. Rokko area in 2018 (1.87 million) by each average value of WTP [27], [28].
The benefits from tourists were approximately three times that of the Kobe citizens. The
total benefit of the assumed business is 623.12 million JPY (5.92 million USD). The annual
forest maintenance cost of Mt. Rokko is approximately 400 million JPY (3.8 million USD)
[44]. This total benefit corresponds to approximately 1.5 times the aforementioned annual
forest maintenance cost. This result revealed that the forest maintenance of Mt. Rokko
might be covered by utilizing the benefits obtained from the heat utilization business of
woody biomass.

As a limitation of this study, the questionnaire survey for tourists was conducted
only once in late autumn, and there were few respondents. If surveys were conducted in
different seasons, the results may change. To ensure the validity of the survey results, it is
necessary to refine the CVM results through year-round surveys. In addition, the
questionnaire survey conducted by Nakahara et al. [29] for the citizens of Kobe also
comprises a low number of respondents; nevertheless the number of respondents in
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consideration of the gender and population composition of Kobe City was secured.
Therefore, further surveys are required to ensure the representativeness of the Kobe
citizens.

3.2 Economic evaluation
3.2.1 Result of interview survey

The hot bath facility selected for the interview survey uses three fossil fuel boilers
with outputs of 930 kW (total output of 2,790 kW). The fuel used was 13A city gas, and the
annual fuel consumption was 266,880 m3. The annual heat demand calculated based on
the annual fuel consumption was 10,808,640 MJ, using the lower heating value of city gas.
Based on the survey, the boiler scale of the hypothesized hot bath facility was set at 2,790
kW, and the annual heat demand was set at 10,808,640 MJ. The heating equipment of
this hot bath facility was operated for 17 h every day, except for five days in February. Fuel
consumption fluctuated seasonally, and the maximum fuel consumption in winter was
approximately four times that in summer. Figure 8 shows the calculated monthly average
heat demand of the facility. Figure 9 also shows the relationship between the calculated
annual heat supply and the output of the wood chip boiler based on the average heat
demand per hour.
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o
o
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200 +

Annual average heat demand [kW]

o
I

Apr May June July Aug Sept Oct Nov Dec Jan Feb Mar
Months

Figure 8 Monthly average heat demand
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Figure 9 Annual wood chip boiler heat supply

3.2.2 Heat results of the evaluation model

The difference between the annual costs of the target system and the original
system is expressed by the following formulas: Equation (2) expresses the price difference
between the target system and the original system using the regression formula derived
in Figure 9, and

C = —14.033P0,,* + (24724P + 9838.87)0,, + 1456893.5292 (2)

P=P,— P (3)
where C is the difference in annual costs, Oy is the output of the wood chip boiler, Pis the
difference in fuel price, Py is the price of the wood chip, and P is the price of the fossil
fuels. 9838.87 in Equation (2) represents the price difference between the running costs
of the target system and the original system calculated from the setting conditions in Tables
4 and 5. 1456893.5292 in Equation (2) also represents the difference between the initial
cost of the target system and the original system calculated from the setting conditions of
Tables 4 and 5.
Figure 10 shows the relationship between the price difference of fuel, minimum cost
difference, and wood chip boiler output. This result revealed that the smaller the fuel price
difference, the smaller the cost difference and wood chip boiler output. If Cmin is O, P is
-0.705 when Oy, € [0,833]. In other words, when the price difference of fuel is greater
than 0.705 JPY/MJ (0.0067 USD/MJ), the use of woody biomass is not economical.
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3.2.3 Results of cost fluctuation of each fuel

Table 12 shows annual cost fluctuation of each fuel. The difference between the annual
cost is calculated by subtracting the annual cost of the original system from the annual
cost of the target system. A negative value indicates cost reduction, and a positive value
indicates cost increase. If city gas was added to the wood chips, the optimum scale of the
wood chip boiler was 373 kW, and the fossil fuel substitution rate reached 67.2%. Then,
the difference between the annual cost was -1.92-0.11 million JPY (-18.28-1.05
thousand USD). This result revealed that a lower cost increase may not hinder the
implementation of the assumed business, although the hypothesized hot bath facility may
not be economical. In the case of substitution of heavy oil A and kerosene, the optimum
wood chip boiler installation scales are 571 kW and 687 kW, respectively, and the
substitution rate was 88.3% and 95.9%, respectively. Then, the difference between the
annual cost was —6.38 — —3.71 million JPY (-60.60 — —35.23 thousand USD) and -13.34
— =10.54 million JPY (-126.74 — 100.12 thousand USD), respectively. If the price of the
fossil fuel reaches the price in 2016, the difference between the annual cost of heavy oil A
and kerosene could be —0.086 — —2.59 million JPY (-0.82 — —24.56 thousand USD) and
-5.23 — -2.33 million JPY (-49.70 — -22.14 thousand USD), respectively. Kerosene
substitution may support cost reduction even if the price of the fossil fuel drops. Heavy oil
A substitution may induce cost increase. However, the total benefit of the hypothesized
hot bath facility estimated by the societal impact assessment was approximately 600
million JPY (5.7 million USD). If this were the actual income, there is a surplus of
approximately 200 million JPY (1.9 million USD), even if the forest maintenance cost of
Mt. Rokko [44] is excluded. This surplus may be used to amortize the annual cost increase
of the hypothesized hot bath facility and the subsidies used in the initial installation. Based
on the above results, the economic efficiency of the assumed project is considered good.

Table 12 Annual cost fluctuation of each fuel
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3.3 Environmental evaluation
3.3.1 Net GHG emission

Figure 11 shows the annual GHG emissions for each fuel. In the original system,
the dominant GHG emission process is the heat utilization process. This process
corresponds to 83-87% of the total GHG emissions. The GHG emissions of city gas,
heavy fuel oil A, and kerosene in the original system were 834.9, 1,012.4, and 943.8 t-
COzeq/year, respectively. In the target system, the dominant GHG emissions process is
still the heat utilization process, but the emission rate drops to 41%-67%. The waste
disposal process produces minimal emissions. The combination of wood chips and
kerosene yielded the highest substitution rate of fossil fuel, resulting in the lowest GHG
emissions of 225.4 t-COzeq/year. When heavy oil A was substituted, GHG emissions
exhibited the largest reduction (726.4 t-COzeq/year). Figure 12 shows the net GHG
emissions of each fuel. The net GHG emissions derived from wood chips per 1 GJ was
—-60 kg-CO2¢¢/GJ for city gas, —76.3 kg-COz2eq/GJ for heavy oil A, and —69.9 kg-CO2eq/GJ
for kerosene, respectively. If the GHG emissions become negative, the operation of the
target system is considered to produce a fossil fuel substitution effect. In the case of a
positive value, the net GHG emissions increased with continued operation.
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3.3.2 Validity of the evaluation result

To verify the validity of our results, the results obtained were compared with those
of previous studies. Because few studies have employed LCA to evaluate woody biomass
heat in hot bath facilities, the results were compared with a case study targeting district
heat supply and power generation. As a case study on district heat supply, Kayo et al. [13]
elucidated the GHG emission reduction effect of a woody biomass district heat supply
system. When liquefied petroleum gas was considered for substitution, the net GHG
emissions were —21.6 kg-CO2eq/GJ (with 29% thermal efficiency) and —65.3 kg-CO2e¢/GJ
(with 75% thermal efficiency). Because the hypothesized hot bath facility is assumed to
have high thermal efficiency and 90% boiler efficiency, the net GHG reduction was larger
than the district heat supply. Studying power generation, Tabata et al. [14] explained the
GHG reduction effect by evaluating the difference in the co-firing method of thinned timber.
They reported that the net GHG emissions were —75 kg-COz2e/GJ with coal substitution.
These results are consistent with the results obtained in this study. Our results agree with
those of previous case studies, indicating that they are valid.

4. Conclusions

This study developed a model for evaluating a business utilizing woody biomass
for heat from an integrated perspective of the environment, economy, and society. A hot
bath facility using woody biomass at Mt. Rokko was assumed, and the environmental,
economic, and societal outcomes of the assumed business were evaluated. The main
findings are as follows:

(1) In the societal impact assessment, a questionnaire survey was conducted to clarify
tourist consciousness regarding the facility. Its societal value was estimated using the
CVM. The WTP of the respondents for a contribution fee was 298 JPY (2.83 USD;
median).

(2) The total benefit of the hypothesized hot bath facility estimated based on the WTP of
tourists and citizens of Kobe was 623.12 million JPY (5.92 million USD). This total
benefit corresponds to approximately 1.5 times the annual forest maintenance cost of
Mt. Rokko.

(3) If city gas was substituted into the wood chips, the optimum scale of the wood chip
boiler was determined to be 373 kW, and the fossil fuel substitution rate was 67.2%.
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The difference between the annual cost was —1.92 — 0.11 million JPY (-18.28 — 1.05
thousand USD). When heavy oil A and kerosene were substituted, the optimum wood
chip boiler installation scales were determined to be 571 kW and 687 kW, respectively,
and the substitution rates reached 88.3% and 95.9%, respectively. The differences
between annual costs were —6.38 — —3.71 million JPY (-60.60 — 35.23 thousand USD)
and —-13.34 — -10.54 million JPY (-126.74 — 100.12 thousand USD), respectively.
Kerosene substitution is likely to maintain cost reduction, even if the price of fossil fuel
declines.

(4) The GHG emissions of city gas, heavy fuel oil A, and kerosene in the original system
were 834.9, 1012.4, and 943.8 t-CO2eq/year, respectively, in the original system. The
lowest GHG emissions were 225.4 t-COzeq/year in the target system. The net GHG
emissions per 1 GJ were —60 kg-COz2eq/GJ for city gas, —76.3 kg-CO2eq/GJ for heavy
oil A, and —69.9 kg-COz2eq/GJ for kerosene, respectively.

If forest maintenance costs were offset by additional contribution fees from the
hypothesized hot bath facility, forest maintenance on Mt. Rokko could be promoted.
According to the estimation, new environmentally and economically friendly businesses
could be constructed in the region using woody biomass harvested at Mt. Rokko. Although
the price of fossil fuels greatly affects economic viability, the economic shortcomings can
be compensated for by fully utilizing the total benefits of the assumed facility.

At present, most woody biomass heat utilization in Japan is limited to public
facilities. Compared with heat utilization, power generation from woody biomass receives
favorable treatment, which is one factor for the low popularity of woody biomass heat
utilization in Japan. To promote heat utilization by private companies, the United Kingdom
has implemented an RHI since 2011, which increased the price competitiveness of
renewable energy by offsetting the cost difference between the production cost of heat
from renewable energy and that of fossil fuel with government subsidies. The RHI is
considered to be the heating equivalent of the FIT. As of the end of November 2019, the
number of heat uses certified by the Renewable Heat Incentive (RHI) reached 19,793,
with a total output of 4,970.6 MW [45]. This figure corresponds to approximately 55% of
the certified amount of FIT-based biomass power generation in Japan [46]. Although
measures such as the RHI have not been considered in Japan, the introduction of such
measures could promote heat utilization by private companies.
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