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ABSTRACT 
In recent years, the development of woody biomass 

power generation facilities certified under the Feed-in 
Tariff (FIT) and Feed-in Premium (FIP) schemes has 
rapidly progressed across various regions. However, 
large-scale woody biomass power generation without 
thermal utilization has been criticized for significant 
energy losses and the unsustainable demand for 
fuelwood that exceeds the capacity of local forestry 
sectors. In response, increasing attention is being 
directed toward Intra-Regional Ecosystem initiatives that 
promote the local circulation of forest resources through 
thermal utilization of woody biomass. This study aims to 
assess the feasibility of a locally produced and consumed 
heat utilization system using woody biomass in 
mountainous rural cities. Specifically, it evaluates, from 
an economic perspective, the potential for efficiently 
collecting residual forest biomass using drones to meet 
the heat demand of small settlements. Simulation results 
suggest that in a settlement of approximately 25 
households, forest residues generated within a 500-
meter radius can be collected and chipped using drones 
and supplied at a lower cost than commercially available 
wood chips. Moreover, compared to systems that rely on 
trucks and forwarders, drone-based collection systems 
can offer more stable cost performance regardless of 
forest terrain conditions. 

 

Keywords: woody biomass, forest residues, renewable 
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1. INTRODUCTION 
In the Sixth Strategic Energy Plan, approved by the 

Cabinet in October 2021, the Japanese government set 
forth ambitious goals to achieve carbon neutrality by 
2050 and a renewable energy share of 36–38% by fiscal 
year 2030. To reach these targets, the plan emphasizes 
the active use of policies such as the Feed-in Tariff (FIT) 
and Feed-in Premium (FIP) schemes to maximize the 
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deployment of renewable energy (Agency for Natural 
Resources and Energy, 2024). In recent years, the 
establishment of woody biomass power generation 
facilities has progressed nationwide. As of the end of 
September 2024, 57 facilities with capacities of 2,000 kW 
or more and 102 facilities with capacities under 2,000 kW 
that primarily utilize thinning residues and similar 
sources have been certified under the FIT and FIP 
schemes. This rapid expansion of woody biomass power 
generation has led to a sharp increase in demand for 
biomass fuel (Forestry Agency, 2025). 

On the other hand, large-scale woody biomass 
power generation projects without thermal utilization—
many of which emerged after the introduction of the 
FIT—have been criticized for their high energy losses and 
fuel demand levels that surpass the capabilities of local 
forestry industries. A more desirable model for woody 
biomass energy utilization is a small-scale, decentralized 
system focused on local production and consumption of 
fuel for thermal use, with active participation of local 
residents and positive socio-economic ripple effects 
(Harashina & Takano, 2021). 

In this context, the "Joint Study Group for the 
Promotion of Woody Biomass Utilization," established by 
the Ministry of Agriculture, Forestry and Fisheries and 
the Ministry of Economy, Trade and Industry in 2016, 
proposed the concept of a “Intra-Regional Ecosystem” 
that facilitates the sustainable circulation of forest 
resources within local areas through small-scale thermal 
utilization of woody biomass. Related technological 
development and demonstration projects have since 
been actively promoted. A key feature of this Intra-
Regional Ecosystem approach is its focus on settlements 
of a size appropriate for sustainable, locally based 
systems (Joint Study Group for the Promotion of Woody 
Biomass Utilization, 2017). 

Given these developments, research on local 
production and consumption-based thermal utilization 
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of woody biomass has gained momentum in recent 
years. Kaze et al. (2017) investigated cases of firewood 
boiler installation—one form of small-scale thermal 
utilization—and clarified operational conditions and 
regional impacts. Togawa et al. (2020) focused on 
settlements as basic regional units and developed design 
and operational plans for decentralized energy systems 
tailored to the characteristics of each community, while 
also assessing their economic and resource circulation 
impacts. Matsushima et al. (2020) evaluated the 
feasibility of introducing a local heat supply system using 
wood chip boilers in post-disaster public housing. 
Matsushima et al. (2022) further investigated the 
applicability of firewood boilers and wood chip co-
generation system (CGS) for discrete settlements in 
mountainous areas. Komata et al. (2024) assessed the 
economic viability of very small-scale wood chip boilers 
(under 50 kW) installed in small shops and business 
facilities. However, these studies have not examined 
specific methods or cost estimation for collecting raw 
wood, including forest residues, for firewood or chips. 

In contrast, Suzuki et al. (2013) conducted a survey 
and analysis of actual collection and transportation 
methods and related costs in a project that purchased 
forest residues at fixed prices for use as wood fuel. They 
identified three main collection and transportation 
patterns: (1) large-scale suppliers collected forest 
residues from log yards using large grapples and 
transported them with 4-ton trucks; (2) medium-scale 
suppliers collected scattered roadside residues using 
grapple-equipped forwarders and transported them with 
4-ton trucks with cranes; and (3) small-scale suppliers 
used manual labor to load residues onto light trucks or 
used small grapples to load 2-ton trucks. However, their 

study targeted large-scale biomass power generation 
and did not investigate local collection of forest residues 
from nearby forests for small-scale, locally based thermal 
energy use. 

In response, this study proposes a locally oriented 
woody biomass supply system that utilizes large drones 
to collect forest residues generated in nearby forests to 
meet small-scale thermal energy demand. Since the mid-
2010s, drones have increasingly been adopted across 
various industries. In particular, drone-based delivery is 
gaining attention as a fast, cost-effective, and efficient 
transport method and is emerging as a viable option on 
a global scale (Filiopoulou et al., 2025). In recent years, 
the development of large drones capable of carrying 
payloads of 200 kg or more has advanced both in Japan 
and abroad. Ohki and Yamagata (2024b) conducted a 
simulation-based analysis of the productivity and cost of 
using 200-kg payload drones for carrying felled trees 
from forestry operation sites to roadside landings, 
showing that under certain forest conditions—such as 
terrain slope and distance to the landing—drones may 
offer cost advantages over conventional methods. 
Drones enable the efficient and labor-saving collection 
and transport of forest residues from nearby forests, 
regardless of terrain or road network conditions. This is 
especially relevant in aging mountainous regions, where 
labor-saving innovations are increasingly needed. 

In terms of methodology, this study uses a case study 
approach targeting a settlement in mountainous area. 
First, the surrounding forest area that generates 
sufficient forest residues to meet the heat demand of the 
settlement was identified. Then, a simulation was 
conducted to evaluate the economic feasibility of 
collecting these residues using drones. A cost model for 

 
Fig.1 Study area and household distribution. 
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drone-based collection of forest residues was developed, 
and comparative cost analyses were conducted against 
conventional collection methods using trucks and 
forwarders. 

In this study, it is assumed that wood chips are used 
as the fuel, based on ongoing project to commercialize 
wood chip supply from forest residues in the study area. 
The scope of analysis includes the collection, 
transportation, and chipping of forest residues, focusing 
on economic balance and fuel supply-demand. However, 
forestry operations prior to the generation of forest 
residues and the downstream processes of thermal 
energy supply are outside the scope of this analysis. 

2. STADY AREA AND MATERIALS 
This study focuses on Hokuto City in Yamanashi 

Prefecture (see Fig.1). Located in the northwestern part 
of the prefecture, Hokuto is a mountainous rural area 
surrounded by prominent mountain ranges: the 
Yatsugatake Mountains to the north, Mt. Mizugaki to the 
northeast, Mt. Kayagatake to the east, and the Southern 
Alps, including Mt. Kaikomagatake, to the southwest. 
The region is renowned nationwide for its scenic 
mountain landscapes and pristine natural environment. 
In addition, it possesses abundant tourism resources 
such as plentiful water sources, a highland climate, the 
longest sunshine duration in Japan, historic townscapes, 
stay-type hot springs, and highland resort areas (Japan 
Forest Technology Association, 2023). 

The total area of the city is 60,248 hectares, of which 
45,848 hectares are forested, accounting for 76% forest 
cover, with artificial forests comprising 34%. Publicly 
owned forests—mainly pristine natural forests 
designated as nature parks and larch plantations—are 
distributed in relatively high-altitude areas. In contrast, 
small-scale privately owned forests closely tied to 
residents’ daily lives—including secondary forests, red 
pine stands (both planted and natural), and larch 
plantations—are concentrated around urban and village 
areas (Hokuto City, 2022). 

In December 2020, Hokuto City declared itself a 
"Zero Carbon City" and, in February 2021, formulated the 
“Hokuto City Renewable Energy Master Plan,” aiming to 
reduce greenhouse gas emissions through the utilization 
of abundant local renewable energy resources. The city 
is also engaged in a “Intra-Regional Ecosystem” model 
project, which includes efforts such as the development 
of collection methods for unused woody biomass 
including forest residues, the establishment of a chip 
production system, assessment of thermal utilization 
potential, and feasibility studies for introducing woody 

biomass energy systems (Japan Forest Technology 
Association, 2023). 

Forest data used in this study were derived from 
forest registers (for both privately and publicly owned 
forests), utilizing polygon data of forest sub-
compartments and associated tree species information 
for each unit. Because many sub-compartments lacked 
area data in the forest register, polygon area calculations 
were performed to obtain their sizes. Household 
numbers within settlements were obtained using data 
from the 2020 Population Census (500-meter mesh) 
provided by the Ministry of Internal Affairs and 
Communications. 

Road data were sourced from the "2020 Road 
Centerline" dataset provided by the Conservation GIS 
Consortium. Elevation data were obtained from the 5-
meter mesh digital elevation model published by the 
Japan Map Center. The average elevation of each forest 
sub-compartment was calculated from the elevation 
data contained within each polygon. For roads, line 
features were converted into points at 5-meter intervals, 
and the elevation of each point was determined by the 
nearest elevation value. The elevation of biomass 
collection points within each settlement was defined as 
the elevation at the centroid of the target settlement 
area. Slope angles were derived by converting the 5-
meter mesh digital elevation model into slope data; the 
average slope of each sub-compartment was then 
calculated based on the values within its polygon. 

All of the above GIS-based data processing was 
conducted using QGIS version 3.26. 

3. METHOD 

3.1 Estimation of heat demand 

In this study, a small settlement comprising 25 
households located in the northeastern part of Hokuto 
City was selected as the case study area (see Fig.1). This 
settlement is situated away from the urban area and is 
surrounded by forest, making it a suitable site for 
examining the local production and consumption of 
woody biomass energy at the settlement level. 

Based on the study by Matsushima et al. (2020), the 
annual heat demand per household was set at 32.8 GJ. 
Assuming a chip boiler efficiency of 80%, a heat loss of 
10%, and a lower heating value of 10,638 kJ/kg for wood 
chips with 40% moisture content (wet basis), the 
estimated total annual heat demand for the 25 
households is 820.0 GJ. Taking into account boiler 
efficiency and heat losses, the required input thermal 
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energy is calculated as 1,127.5 GJ/year, resulting in a chip 
demand of approximately 106.0 tons per year. 

According to natural drying tests conducted in the 
study area, the moisture content of forest residues varies 
depending on storage conditions and drying periods. 
Logs exhibited moisture content ranging from 31% to 
42% (w.b.), while branches ranged from 22% to 55% 
(w.b.) (Japan Forest Technology Association, 2023). 
Therefore, a representative moisture content of 40% 
(w.b.) was adopted for forest residues in this study when 
converting to weight basis. Based on this assumption, the 
amount of forest residue required for chip production is 
equivalent to the chip demand, i.e., 106.0 tons per year. 
Assuming a bulk density of 0.64 t/m³ for forest residues 
(Suzuki et al., 2013), the required volume amounts to 
165.6 m³ per year. 

3.2 Identification of Forest Residue Collection Area 

To meet the heat demand estimated in Section 3.1, 
the required forest residue collection area was 
identified. The annual volume of forest residue was 
calculated for each forest sub-compartment based on 
the Regional Forest Management Plan. Specifically, the 
total amount of residue generated over the entire 
harvesting cycle was estimated assuming three thinning 
operations and one final felling. This total was then 
divided by the number of years in the harvesting cycle to 
obtain the average annual residue yield. 

The calculation method was based on Ohki and 
Yamagata. (2024a). While the study included larch, red 
pine, cypress, and cedar—species that are common in 

forestry operations in Hokuto City—this study focused 
on larch, red pine, and cypress, as these are the 
dominant species in the forests surrounding the target 
settlement. 

Next, using the distance from the center of the 
settlement (denoted as ds), forest sub-compartments 
whose centroids fall within that radius were identified. 
The cumulative volume of forest residues generated in 
those sub-compartments was then calculated, and the 
minimum value of ds for which the total residue volume 
exceeded the settlement’s annual demand was 
determined (see Fig.2). Based on calculations in 100-
meter increments, the appropriate ds were found to be 
500 meters. Within this radius, 68 forest sub-
compartments were identified, with estimated total 
annual forest residue volume of 178.9 m³.  

3.3 Design of Forest Residue Collection and 
Transportation Systems 

Two forest residue collection and transportation 
systems were examined in this study: a drone-based 
system (hereafter referred to as the drone system), 
which is the system proposed in this research, and a 
vehicle-based system (the vehicle system) used as a basis 
for comparison (see Fig.3). 

Forest residues are generated during forestry 
operations, and their locations of occurrence vary 
depending on the operation system. According to 
interviews with forestry operators in Hokuto City, when 
the slope angle of a sub-compartment is 30 degrees or 
less, cut-to-length (CTL) system using vehicle-based 
machinery is typically employed. For slopes exceeding 30 
degrees, whole-tree yarding system using cable-based 
machinery is applied. Since forest residues are primarily 
generated at the location where processing occurs, it 
was assumed that for sub-compartments with slopes of 
30 degrees or less, the residues are generated within the 
sub-compartment itself, while for steeper sub-
compartments, they are generated at landings along 
forest roads. 

The drone system involves transporting forest 
residues either directly from within the sub-
compartment or from roadside landings to the 
settlement using drones, where the residues are then 
chipped on-site using a chipper. It is assumed that the 
residues are loaded into a wire net sling, allowing drones 
to carry the maximum payload regardless of the shape of 
the materials. A grapple is assumed to be used to collect 
and load the residues into the wire net sling either within 
the sub-compartment or at the landing. Drone 
specifications are based on Ohki and Yamagata (2024b), 
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with a maximum payload capacity of 200 kg and a flight 
time of 20 minutes. 

In contrast, the vehicle system involves collecting 
forest residues from sub-compartments with slopes of 
30 degrees or less using a forwarder, transporting them 
to the roadside, and then loading them onto a 4-ton 
truck with a grapple. The truck then hauls the residues to 
the settlement, where they are chipped using a chipper. 
For sub-compartments with slopes greater than 30 
degrees, it is assumed that residues are already located 
at the roadside landing, eliminating the need for 
forwarder transport. 

For both systems, it is assumed that a grapple is used 
for handling the residues during chipping operations at 
the settlement. 

3.4 Modeling of the Target Area 

This section outlines the geographic assumptions 
regarding the distribution of landings, settlements, and 

other relevant features used as the basis for the cost 
simulation. The settlement area was defined by the two 
regional mesh blocks shown in Fig.1, with the centroid of 
these blocks designated as the center of the settlement. 
For each forest sub-compartment, the landing was 
assigned as the nearest road point to the sub-
compartment’s centroid.  

The drone flight distance was calculated as the 
straight-line distance from the centroid of each sub-
compartment to the settlement center, with 
consideration of the elevation difference between these 
points. The forwarding distance by forwarder was 
determined by multiplying the straight-line distance 
from the sub-compartment centroid to the landing, 
adjusted for the elevation difference, by a strip-road 
detour factor (η’). Since η’ varies according to terrain 
type, the forest terrain index Y was derived from the 
slope angle X (%) following Kobayashi (1997), and the 
corresponding η’ value was applied accordingly. The 

 
 

 
Fig.3 Image of vehicle system (above) and drone system (below). 
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truck transportation distance was computed as the 
shortest road distance from each sub-compartment 
landing to the settlement center using the network 
analysis tool in QGIS. 

3.5 Cost Estimation 

The costs associated with the collection, 
transportation, and chipping of forest residues using the 
drone system and the vehicle system defined in Section 
3.3 were calculated. The costs for each system included 
both direct expenses (machinery costs and labor costs) 
and indirect expenses. 

The specifications of the drone and the method for 
calculating its operational costs were based on Ohki and 
Yamagata (2024b). While Ohki and Yamagata (2024b) 
presented cost parameters for drone wood carrying 
under current conditions as well as a low-cost future 
scenario projected around 2030, this study adopted the 
values from the future scenario. Considering that the 
suspension length of the wire net sling is assumed to be 
several meters and that the forest canopy height is less 
than 20 meters, the drone flight altitude was set to 30 
meters (see Fig.4). The required number of personnel for 

drone operation was assumed to be one. The average 
flight distance between the collection target sub-
compartments identified in section 3.2 and the 
settlement center was 341.3 meters. Based on this flight 
profile, the estimated energy demand was 24.3 kWh 
according to Ohki and Yamagata (2024b). This value 
closely matches the average energy demand of 24.4 kWh 
for drone wood carrying reported by the study, 
indicating that the battery specifications proposed 
therein are also appropriate for this study. 

The transportation cost for trucks was referenced 
from Kinoshita et al. (2009) for a 4-ton truck. However, 
the loading volume of forest residues on the 4-ton truck 
was assumed to be 1.5 tons (Japan Wood Biomass Energy 
Association, 2025). Operational costs for the grapple and 
forwarder were based on Battuvshin et al. (2020), 
specifically Grapple (M) and Forwarder (S). Chipping 
costs were referenced from Kinoshita et al. (2009) for a 
medium-sized chipper. 

Indirect expenses were calculated as 20% of the 
direct expenses, following the standard unit prices for 
forest regeneration subsidy projects in Yamanashi 
Prefecture (Yamanashi Prefecture, 2022). 

The collection and transportation costs calculated 
for both the drone system and the vehicle system were 
then compared with the market price of wood chips 
derived from forest residues. 

4. RESULTS AND DISCUSSION 
Fig.5 presents the total cost per unit weight, 

including collection and transportation costs of forest 
residues and chipping costs, for each sub-compartment. 
The horizontal axis indicates the straight-line distance 
from the centroid of each sub-compartment to the 
settlement center. Although the cost of the drone 
system increases with the distance between the sub-

 
Fig.5 Collection, transportation, and chipping costs of forest residues in each sub-compartment. 
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compartment and the settlement, the increase within 
the target area is limited to approximately 1,900 JPY. In 
contrast, the vehicle system exhibits a wide variation in 
costs depending on the distance, ranging from a 
minimum of 5,312 JPY/t to a maximum of 31,348 JPY/t, a 
difference of about 26,000 JPY. This variation is primarily 
due to the high proportion of forwarding costs from the 
sub-compartment to the landing, which are strongly 
influenced by the distance between the sub-
compartment and the landing as well as the slope angle 
within the sub-compartment. These results suggest that 
the drone system can provide stable cost performance 
regardless of the geographical conditions of the sub-
compartments. 

 Table.1 shows the average total cost for all target 
sub-compartments for each system. Both systems have 
average costs of approximately 10,000 JPY/t. When 
compared with wood chip market prices, the national 
average price for coniferous wood chips derived from 
thinning residues in FY2024 is 12,039 JPY/t (50% 
moisture content, w.b.) (Japan Wood Biomass Energy 
Association, 2024). Furthermore, the selling price of 
wood chips in the study area is reported to range 
between 15,000 and 20,000 JPY/t (Japan Forest 
Technology Association, 2023). The total costs for both 
systems are below these market prices, indicating the 
potential cost advantage of local consumption of forest 
residues generated in surrounding forests.  

On the other hand, the average cost of the drone 
system is approximately 1,500 JPY higher than that of the 
vehicle system. This difference is discussed with a focus 
on the annual operational days of the drone. Ohki and 
Yamagata (2024b) assume the annual operational days 
of the drone to be 140, which is equivalent to those of 
conventional yarding machines, and this assumption was 
applied in the above cost calculations. Increasing the 
annual operational days to 246 results in the drone 
system’s cost falling below that of the vehicle system. 
Since the 140 operational days refer to drone usage as a 
yarding machine, utilizing the same drone for forest 
residue collection and transportation as proposed in this 
study and thereby increasing its operational days would 
be effective in reducing costs. 

5. CONCLUSION 
This study proposed a drone system for collecting 

and transporting forest residues generated in 
surrounding forests to supply locally produced and 
consumed woody biomass energy, targeting the heat 
demand of a small-scale settlement in the mountainous 
area of Hokuto City. The economic feasibility of the 
drone system was evaluated through simulation of its 
financial balance. The main findings are as follows: 
 The heat demand of a small settlement consisting of 

25 households can be met by forest residues 
generated within approximately 500 meters from 
the settlement in nearby forest sub-compartments. 

 "Drone system,” utilizing a large drone with a 
payload capacity of 200 kg and a flight time of 20 
minutes, can economically collect, transport, and 
chip the forest residues within this area to supply 
fuel. 

 Compared to a conventional system relying on 
trucks and forwarders, the drone system incurs 
slightly higher costs but offers the advantage of 
stable cost performance regardless of geographical 
conditions. 

 The local supply of wood chips utilizing forest 
residues around the settlement has the potential to 
be more cost-competitive than commercially 
available chips. 

 Since forest residue collection and transportation 
by large drones require performance equivalent to 
that of wood carrying operations in forestry, sharing 
drones for both purposes would be desirable to 
increase total utilization rates and reduce costs. 

Future challenges include concretizing on-site 
operational procedures for drone-based forest residue 
collection and transportation and refining the model 
accordingly. While this study focused solely on the 
residential heat demand of general households, future 
research is expected to expand to total energy demand 
including accommodations, restaurants, and agriculture, 
contributing to the development of zero-carbon 
scenarios based on local production and consumption at 
the community level. Additionally, it is necessary to 
analyze the feasibility of achieving carbon neutrality, 
including the energy required for drone operation. In 
particular, scenario analyses utilizing solar power, which 
is increasingly being introduced in Hokuto City, are highly 
anticipated. 
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