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Abstract. The development of renewable energy is one of the principal areas of decarbonization of the energy
sector of Ukraine, including in forestry. Improving the efficiency of using wood biomass for energy purposes,
along with providing an appropriate level of technological processes and technical equipment, requires
reliable information tools for managerial decision-making. An essential component of this toolkit is regional
assessments of the energy function of forest phytocenoses. The information base of this study included
information from the database of Industrial Association “Ukrderzhlisproekt”, which contains a specific
inventory characteristic of tree stands of the region under study, as well as a system of mathematical models
for quantitative assessment of phytomass and mortmass of forests. As a result, quantitative values of the total
energy intensity of phytomass and mortmass of the forests of Zhytomyr Polissia were established. The total
amount of energy accumulated in the plant biomass of the region’s forests is 3,035.7 PJ, which is equivalent
to 100.2 million tonnes of conventional fuel. At the same time, the share of the total energy intensity of
mortmass is 11.1%. The structure of the energy intensity of plant biomass in the region is dominated by pine
stands, which accumulate over 60% of the energy of the forests of Zhytomyr Oblast, namely 70.8% — in the
phytomass of tree trunks. Over 40% of the energy is accumulated in the plant biomass of stands of the site
index class I, which mainly grow in relatively poor forest conditions (subors). In the overall structure of the
energy intensity of the mortmass (336.2 PJ), more than 60% belongs to the forest floor (212.8 PJ]), but it is not
considered as a source of renewable energy, dry matter — 12.3% (41.3 PJ), dry branches — 17 .8% (almost 60 PJ).
The results obtained in this study will serve as an information basis to devise a strategy for the development
of forest bioenergy in the Zhytomyr region
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Introduction

The development of renewable energy is one of the
principal areas of decarbonization of the energy
sector of Ukraine, which is reflected in the Low-Car-
bon Development Strategy adopted by the Cabinet
of Ministers of Ukraine in 2018 (Strategy..., 2018).
The document also makes provision for increasing
carbon sequestration and reducing greenhouse gas
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emissions in the forestry sector, specifically through
the development of forest bioenergy.

Improving the efficiency of using wood bio-
mass for energy purposes, along with providing an
appropriate level of technological processes and
technical equipment, requires reliable information
tools for managerial decision-making. An essential
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component of this toolkit is regional assessments of
the energy function of forest phytocenoses, which
also characterize the energy intensity of woody bi-
omass and the energy productivity of modal tree
stands (Vasylyshyn, 2018; Vasylyshyn, Lakyda &
Sliusarchuk, 2019).

In the conditions of Zhytomyr Polissia, where
forests are a key natural object that ensures the eco-
logical balance of the environment and serves as a
source of wood resources, assessing the energy in-
tensity of wood biomass will provide a scientific basis
to devise a regional forest bioenergy program.

Analysis of recent studies
and publications

Currently, the problems of researching various as-
pects of energy production and consumption are re-
flected in technical (Dubrovin, Korchemnyi & Maslo,
2004), economic (Prokip, 2010), ecological (Vasy-
lyshyn, 2016; Sytnyk, 2017) and biological (Kukhar,
Kuzminskyi & Holub, 2005) scientific studies.
Fundamental bioenergetic studies of the innova-
tive and technological direction of the use of plant
biomass are currently conducted by scientists of the
“Biomass” Scientific and Technical Centre and the
Institute of Technical Thermophysics of the National
Academy of Sciences of Ukraine under the leadership
of H.H. Geletukha (Geletukha, 2021).
Scientificstudiesofresearchersofthe M.H.Kholod-
nyi Institute of Botany of the National Academy of
Sciences of Ukraine also characterizes eco-oriented
studies of the energy of natural ecosystems, using evi-
dence from the study of the energy balance of the phy-
tocenoses of Kyiv and its green zone (Didukh, 2007).
This scientific area is relevant for scientists from
the European Union countries, since in the vast ma-
jority of cases the development of the economy here
depends on imported natural gas. The specified topic

is presented in studies by representatives of the Swiss
Federal Institute for Forest, Snow, and Landscape Re-
search (Burg et al., 2018). They estimate that the an-
nual theoretical potential of biomass in Switzerland
is about 209 PJ, including 108 P] due to wood biomass.

For the conditions of Spain, to estimate the
amount of biomass in Pinus sylvestris L. stands, an
international group of scientists used lidar scanning,
which allowed establishing the amount of biomass
for seven components of the stand: aboveground bi-
omass, belowground biomass, trunk biomass, needle
biomass, and biomass of large, medium, and small
branches (Hernando et al., 2019).

Ecological consequences for the forest biogeo-
cenosis from the use of wood biomass for energy pur-
poses have become the object of research by scien-
tists from Sweden (De Jong et al., 20179), who note
that increasing the volume of wood biomass harvest-
ing in Swedish forests may have adverse consequenc-
es for the state of the environment. An analogous
study was also conducted by Polish scientists (Nurek,
Gendek & Roman, 2019), who analysed the physical
and chemical properties of crushed forest residues of
Pinus sylvestris L. At the same time, for Uruguay, eu-
calyptus (Eucalypts Sp.) stands are a relevant energy
resource of wood biomass, which are being studied
to establish their productivity and energy intensity
(Bentancor et al., 2019).

The purpose of this study was to estimate the en-
ergy content in the components of phytomass and
mortmass of the forests of Zhytomyr Polissia.

Materials and Methods

The information basis of this study was information
from the database of VO “Ukrderzhlisproekt”, which
contains a specific inventory characteristic of tree
stands (over 300 thousand forest plots) of the region
under study (Table 1).

Table 1. Distribution of the number of forest plots in Zhytomyr Polissia by dominant forest-forming species

Type of woody Quantitative indicator Type of woody Quantitative indicator
plant pcs. % plant pcs. %
Silver birch 56,146 17.8 Common aspen 3,656 1.2

Common alder 31,128 9.9 Scots pine 178,794 56.8
foirr?];]; 221 1,445 0.5 European spruce 3,562 1.1
Common oak 35,421 11.2 Other tree species 4,890 1.6

Total 315,042 100.0

The method for estimating the energy intensity
of wood biomass lies in an integrated combination

of the array of forest inventory data with a system
of mathematical models for quantitative assessment
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of the phytomass and mortmass of the forests of the
region (Bilous, 2018; Schepaschenko et al., 2017,
Shvidenko et al., 2014) and quantitative parameters
of the specific energy intensity of the components
of wood biomass (Shvidenko, Nilsson, Obersteiner,
2004; Vasylyshyn, 2018) of the main forest-forming
plant species. For other wood species, the mentioned
energy intensity indicators are set based on weighted
average values of these species.

Results and Discussion

The processes associated with the supply, transfor-
mation, and use of energy are identified as key in the
environment, since the effective functioning of any

natural ecosystems depends on their intensity. Dur-
ing the study, it was established that the estimate of
the total amount of energy accumulated in the plant
biomass of the forests of Zhytomyr Polissia (170.4
million tonnes of absolutely dry matter, namely
151.6 — phytomass, 18.8 — mortmass) is 3,035.7 PJ,
including in phytomass — 2,699.5 PJ (Table 2).

According to its equivalent, this roughly corre-
sponds to 100.2 million tonnes of conventional fuel
(t c.f.); specifically, for coniferous stands — 1,866.4 P],
or 61.6 million t c.f., for hard-wood stands — 500.4 PJ,
or 16.5 million t c.f., soft-wood stands — 668.6 PJ, or
22.06 million t c.f. The energy share of other tree spe-
cies is under 0.1%.

Table 2. Total energy content in plant biomass of Zhytomyr Polissia forests

Energy intensity of plant biomass, PJ
Species group
phytomass mortmass
Coniferous 1673.0 193.4
Hard-wood 426.4 74.0
Soft-wood 599.7 68.9
Other tree species 0.3 0.1
Total 2,699.5 336.2

The share of the total energy intensity of mort-
mass in the total structure of energy accumulated in
the plant biomass of the forests of Zhytomyr Polis-
siais 11.1%.

In the overall structure of the energy intensi-
ty of plant biomass of the region under study, the
dominant positions are occupied by pine stands,
which accumulate over 60% (1,844.8 PJ) of the en-
ergy volumes of Zhytomyr region forests. The next
positions belong to oak and birch stands with 15.1%
and 14.4%, respectively. The share of alder stands is
about 7%, while the share of hornbeam, aspen, and
spruce stands does not exceed 1%. It was established
that spruce and pine stands are characterized by the

highest density of accumulated energy per unit area
(Table 3). Quantitative values of phytomass energy
density index for these tree stands reach 318.53 and
302.01 MJ-(m?)"!, respectively. In general, the men-
tioned indicator within the tree stands of dominant
forest-forming species varies from 197.95 MJ-(m?)!
foraspenstands to 318.53 MJ-(m?) ! for spruce stands.
The average value of the phytomass energy density
indicator within the stands of the region under study
is at the level of 273.05 MJ-(m?)!. For mortmass,
the mentioned indicator is an order of magnitude
lower and is about 35 MJ-(m?)"!, while the dominant
positions in terms of energy density accumulat-
ed in mortmass belong to oak and spruce stands.

Table 3. Species differentiation of qualitative indicators of energy intensity
of biomass of Zhytomyr Polissia forests

Qualitative indicator of energy intensity
Dominant tree species in the stand phytomass energy density, energy density of mortmass,
MJ-(m?)! MJ-(m?)!
Silver birch 217.81 19.57
Black alder 210.18 32.25
Common oak 263.48 48.76
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Table 3, Continued

Qualitative indicator of energy intensity

Dominant tree species in the stand
phytomass energy density, MJ-(m?)! | energy density of mortmass, MJ-(m?)"!
Common aspen 197.95 43.75
Scots pine 302.01 36.17
European spruce 318.53 46.45
Average within the region 273.05 34.73

Analysing the indicators of the average increase
in energy in the phytomass of tree trunks, it should
be noted that its highest values are typical for spruce
and birch stands — 65.12 and 59.13 GJ-ha!-year!, re-
spectively. In general, in the conditions of Zhytomyr
Polissia, an average of 51.81 GJ-ha!-year! of energy
is added (Fig. 1). In the region under study, over 40%

European spruce
Silver birch

Scots pine

Aspen

Black alder
Common hornbeam

Common oak

0.00

of energy is accumulated in the plant biomass of
stands of site index class I [4]. About a third more
are located in stands of site index class II, which is
quite natural, given the regional distribution of the
area and the site index structure of stands within the
forest areas of Zhytomyr Polissia covered with forest
vegetation (Table 4).

60.00

40.00

20.00 80.00
Figure 1. Energy gain in phytomass of tree trunks, GJ-ha!-year!
Table 4. Distribution of energy reserves in plant biomass
of Zhytomyr Polissia forests within site index classes
Energy intensity of plant biomass, PJ
Site index class
phytomass mortmass

I* and above 480.96 58.71
I 1146.27 136.78
II 858.06 111.19

111 166.52 24.16

v 29.49 3.94

V and below 18.15 1.46
Total 2699.5 336.2
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At the same time, analysing the qualitative indi-
cators of energy intensity presented in Figure 2, it is
worth paying attention to the difference in the trends
of their change for phytomass and mortmass of for-
ests in the region. Phytomass is characterized by a di-
rect dependence of energy density on the productivi-
ty of stands, which is characterized specifically by the
site index class. Quantitative values of the mentioned
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indicator vary from 350.69 MJ-(m?)"! for tree stands of
site index classes I* and above to 139.30 MJ-(m?)'! for
stands of classes V and below. Comparable trends are
inherent in the change in the energy gain index in
the phytomass of tree trunks, specifically in stands
of site index class 19, a value of 115.9 GJ-ha!-year! is
observed, which gradually decreases to 16.1 GJ-ha-
l.year! in tree stands of site index class V®.

@ Pphytomass

O mortmass

11 11 V and above

Site index class

Figure 2. Quantitative values of qualitative indicators of energy intensity
of biomass of Zhytomyr Polissia forests within site index classes

The intensity of energy production considerably
depends on the types of forest conditions in which
stands grow. During the study, it was established that
the highest values of the energy gain index in the
phytomass of tree trunks are inherent in tree stands
in fresh subors (B,) and fresh sudubravas (C,), where
its values are about 60 GJ-ha!-year!. At the same time,

the minimum values of this indicator are inherent in
very dry and wet bors - 33.1 and 25.1 GJ-hal-year?!,
respectively. In total, about 10% of plant biomass en-
ergy is accumulated in the forests of Zhytomyr Polis-
sia (Table 5). Therewith, over 50% of the energy is
concentrated in the biomass of tree stands in subors,
where Scots pine stands dominate.

Table 5. Distribution of energy reserves in plant biomass of Zhytomyr Polissia forests within trophotopes

Energy intensity of plant biomass, PJ
Trophotope
phytomass mortmass

Bors(A) 277.68 29.86
Subors (B) 1411.39 159.93
Sudubravas (C) 888.32 128.72
Dubravas(D) 122.08 17.73
Total 2699.5 336.2
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As for the density of accumulated energy, here
the highest values are inherent in stands in fresh
subors (B,), sudubravas (C,) and dubravas (D,) — over
320 MJ-(m?)".

The component structure of the total energy in-
tensity of phytomass of Zhytomyr Polissia forests is
dominated by tree trunks, the share of which exceeds
70% (Table 6).

Table 6. Distribution of energy reserves in the phytomass of Zhytomyr Polissia forests by components

Energy intensity of phytomass by components, PJ
r 2 .
9 < -
Species = =] f‘g 2 29 s
group, t hadliV) 59 o ) 39 00 H —
p, tree =R = - - e o <
S X! - o e ==l =
type < 3 Qg 8 S 58 2 28 e
e~ e = = =T - =
2 * 5 Z E 5 g
2 & =
Coniferous 1228.79 107.81 23.14 271.93 11.33 29.99 1672.99
of which 1214.53 106.60 22.86 269.30 11.21 29.72 1654.22
Scots pine
Hard-wood 289.09 54.70 4.87 62.17 6.74 8.88 426.44
of which 266.12 50.25 4.38 56.10 6.27 8.16 391.29
common oak
Soft-wood 394.27 63.49 16.13 104.98 7.21 13.64 599.72
of which 260.82 49.22 13.51 64.18 4.56 8.72 401.02
silver birch
Common 10.46 1.28 0.26 4.53 0.24 0.43 17.19
aspen
Other tree 0.22 0.03 0.01 0.05 0.005 0.01 0.32
species
Total 1912.37 226.04 44.14 439.12 25.29 52.51 2699.47

This component of wood biomass is currently the
most important in terms of energy use of forest wood
resources.

8.4% of the accumulated energy is concentrated
in the phytomass of branches. It is also a significant
source of renewable energy, which presently has con-
siderable reserves to increase its share in the struc-
ture of the regional renewable energy sector. At the
same time, the mentioned energy resource should be
used in compliance with the principles of sustainable
forest management, aimed at ensuring a sufficient
level of formation of the biological cycle of food ele-
ments in the “forest — soil” system.

A fairly promising component of the energy po-
tential of wood biomass is such components of the
mortmass of the region’s forests as dry matter, coarse
woody debris, and dry branches.

In total, over 330 PJ] of energy has been accumu-
lated in the mortmass of forests of Zhytomyr Polissia
(Table 7).

During the study, it was found that about 60%
of the total energy intensity structure of mortmass
belongs to forest litter, but it is not considered as a
source of renewable energy. At the same time, the en-
ergy intensity of dry matter is 41.3 PJ, or 12.3%, and
dry branches — almost 60 PJ, or 17.8%.
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Table 7. Distribution of energy reserves in mortmass of forests of Zhytomyr Polissia by components

Energy intensity of mortmass by components, PJ
3 ] & g
Species group, 8 S 2 S = -
f — (2]
tree type _5 25 & o g
g g S g -
5
=] 8 .| =
Coniferous 19.34 5.80 42.54 125.69 193.37
of which Scots 19.06 5.72 41.93 123.89 190.60
pine
Hard-wood 6.35 3.06 11.07 53.49 73.97
of Wh’cgai"mmo” 5.78 2.76 10.15 49.00 67.70
Soft-wood 15.65 13.28 6.30 33.62 68.85
of which silver 7.93 7.05 2.58 19.29 36.85
birch
Common aspen 1.97 0.55 0.31 1.22 4.04
Other tree species 0.01 0.005 0.01 0.03 0.05
Total 41.35 22.15 59.91 212.83 336.24

The energy intensity of the mortmass of conifer-
ous tree stands accounts for 57.5%, while the share of
the components of the mortmass of the tree stands
under study, which can potentially be used for ob-
taining thermal energy (dead wood, coarse woody de-
bris, and dry branches), is about 20%. For hard-wood
stands, this ratio is 22.0% and 6.1%, respectively, and
for soft-wood stands — 20.5% and 10.5%.

Conclusions
According to the results of the conducted studies,
it was established that the total energy intensity of
plant biomass in the forests of Zhytomyr Polissia is
3,035.7 PJ, which in its equivalent corresponds to

100.2 million tonnes of conventional fuel. The share
of the total energy intensity of the mortmass of the
forests of Zhytomyr Polissia is 11.1%. The structure
of the energy intensity of plant biomass in the region
is dominated by pine stands, which accumulate over
60% of the energy of the forests of Zhytomyr Oblast,
namely 70.8% — in the phytomass of tree trunks.

Over 60% of the total energy density structure
of mortmass (336.2 P]) belongs to forest litter. At
the same time, the energy intensity of dead wood is
41.3 PJ, and dry branches — almost 60 P]J.

The results obtained in this study will serve as an
information basis to devise a strategy for the devel-
opment of forest bioenergy in the Zhytomyr region.
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EHeproemMuicTb gepeBHOi 6iomacu JiciB JKurommupcokoro Iomices

Pomas ImutpoBuu BacunummuH, I0piit Muxkonaiiosnu IOpuyk,
IBaH IleTpoBuu Jlakuzna, P.II. Bongapuyk

HarmioHanpHMit yHiBepcuTeT 6GiopecypciB i mpMpomoKopucTyBaHHS YKpaiHu
03041, Byn. T'epoiB O6oponu, 15, m. Kuis, Ykpaina

Anorainig. Po3BUTOK BiIHOBJIOBAJIbHOI €HEPreTMKM € OJHMM i3 6a30BMX HAmNpsSMiB AekapOoHizarlii
@HEepreTMYHOro CeKTOpy VYKpaiHu, 30KpeMa Ji y JicoBoMmy rocromapctBi. IligBuineHHSI eheKTMBHOCTI
BUKOPUCTAHHS JepeBHOI GioMacy IJjisi eHepreTUYHUX IiJIeit, Imopsy i3 3ab6e3meyeHHsIM BigITOBiZHOIO piBHS
TeXHOJIOTIYHMX TIPOIIEeCiB i TEXHIYHOrO OCHAIEeHHS, IOTpedye BOAHOYAC HAaJiiiHOro iHdOpMaliiiHOro
iHCTpyMeHTapilo AJ1s1 TIPUIHSTTS YIIPaBJiHChbKUX pillleHb. BaXk/IMBOIO CKIA0BOIO0 1OTO iHCTPyMeHTapito
€ perioHajIbHi OI[iHKM eHepreTMUYHOi QYHKIIiI JicoBMX diToreH03iB. IHGopMaIlliiiHol 6a3010 AOCTiIKEHHS
cryryBaja iHdopmarlis 3 6asu maHux BO «YKpAepsKIicIIpoeKT», IO MiCTUTh MOBUIIIbHY TaKCalliiiHy
XapaKTePUCTUKY AepPeBOCTAHIB MOCIIIKYBAaHOTO PerioHy, a Takox CUCTeMa MaTeMaTUUHUX MOJeseil Is
KiJIbKiCHOTO OIIiHIOBaHHSI (iTomMacu ¥ MOpPTMacy JIiciB. Y pe3yibTaTi BCTAHOBJIEHO KiJIbKiCHI 3HAYEHHS
3arajbHOi eHeproeMHOCTi hiTomacu Ta MopTMacu jiciB JKutomupcebkoro IMosicest. 3aranbHuit 06csr eHeprii,
aKyMy/JIbOBaHOI Yy POCIMHHIN 6ioMaci JsiciB periony, craHoBuTbh 3035,7 TIIIK, M0 3a CBOIM €KBiBaJIEHTOM
BiamoBimae 100,2 MyTH TOHH YMOBHOIO TajuBa. BogHouac, yacTKa 3arajibHOi eHeproeMHOCTI MOpTMacu
ckinagae 11,1 %.V cTpyKTypi eHeproeMHOCTi pOCIMHHOI 6ioMacy perioHy JOMiHYIOTb COCHOBI JepeBOCTaHN,
B SIKMX aKyMyJboBaHO ToHa# 60 % ob6cariB eHeprii yiciB JKutomupiyumu, 3okpema 70,8 % — y diTomaci
cToBOYpiB mepes. [ToHax 40 % eHeprii akyMy/TbOBaHO Y pOUIMHHIN 6GioMaci nepeBocraHiB I Kiacy 60HiTeTY,
SIKi TIepeBaskHO POCTYThb Y TMOPIBHAHO GigHMX JicOpocIMHHMX yMOBax (cybopax). Y 3araibHiii CTPYKTYypi
eHeproeMHOCTi MopTmacu (336,2 T1/Ix) moHan 60 % HayeskuTb JicoBii migctuni (212,8 T1IK), ogHaxk ii He
PO3IISIAAIOTH SIK IKepesio BiJHOB/IIOBAAbHOI eHeprii, cyxoctow — 12,3 % (41,3 [11x), cyxum risikam — 17,8 %
(maitke 60 TIIX). OmepskaHi y Ipolleci JOCTiIKeHHS pe3yabTaTy CIyTYBaTUMYTh iH(DOPMaIiiiHOI0 OCHOBOIO
17151 GOpPMYBaHHS CTpaTeTii pO3BUTKY JIicOBOi 6ioeHepreTuky B JKUTOMMUPCHKiii 061acTi

KniouoBi cioBa: nepeBHa 6Giomaca, eHeprisg, MopTMaca, HacaIskKeHHS, HU3bKOBYIJIELIEBUII PO3BUTOK,
TaKcallifiHi XapaKTepUCTUKU
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