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Abstract Forest management to increase carbon (C) sinks and reduce C emissions and forest
resource utilization to store C and substitute for fossil fuel have been identified as attractive
mitigation strategies. However, the greenhouse gas (GHG) budget of carbon pools and sinks in
China are not fully understood, and the forestry net C sink must be determined. The objective
of this study was to analyze potential forest management mitigation strategies by evaluating
the GHG emissions from forest management and resource utilization and clarify the forestry
net C sink, and its driving factors in China via constructing C accounting and net mitigation of
forestry methodology. The results indicated that the GHG emissions under forest management
and resource utilization were 17.7 Tg Ce/year and offset 8.5% of biomass and products C sink
and GHG mitigation from substitution effects from 2000 to 2014, resulting in a net C sink of
189.8 Tg Cel/year. Forest resource utilization contributed the most to the national forestry GHG
emissions, whereas the main driving factor underlying regional GHG emissions varied.
Afforestation dominated the GHG emissions in the southwest and northwest, whereas resource
utilization contributed the most to GHG emissions in the north, northeast, east, and south.
Furthermore, decreased wood production, improved product use efficiency, and forests devel-
oped for bioenergy represented important mitigation strategies and should be targeted imple-
mentation in different regions. Our study provided a forestry C accounting in China and
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indicated that simulations of these activities could provide novel insights for mitigation
strategies and have implications for forest management in other countries.

Keywords Afforestation - Greenhouse gas emissions - Harvesting and resource utilization - Net
carbon sink - Silviculture

1 Introduction

Forest ecosystems are dominant terrestrial ecosystems that play an important role in absorbing
atmospheric CO, and mitigating global climate change. The expansion of forest areas and the
regrowth of forest stands can increase forest biomass carbon (C) (Fang et al. 2014). However, forest
C is also strongly modulated by forest management and resource utilization strategies, such as
afforestation and silviculture and the harvesting and utilization of forest resources for timber and
bioenergy, which alter the composition, structure, and function of forests (Thom and Seidl 2016).
Forest management and resource utilization play a dual role in the forestry C budget by increasing or
decreasing C stocks in the biomass and products or using firewood as a C-neutral bioenergy
substitute for fossil fuels (Timmermann and Dibdiakova 2014). Studies of forest management have
shown that afforestation and silviculture could increase the forest area and promote forest growth,
thereby increasing the forest biomass C (Zhang and Liang 2014). However, the fossil fuel energy
required for the production, transportation, and usage of products in afforestation and silviculture
operations releases greenhouse gas (GHG) indirectly and offsets the increases of forest biomass C
stocks (Liu et al. 2016a, b). The utilization of forest resources, such as via harvesting, could release
GHGs indirectly during the harvesting process or directly via the subsequent decomposition of dead
organic matter (DOM) after harvesting, the degradation of wood-based products manufactured from
timber, and the combustion of bioenergy (Kilpeldinen et al. 2011). In contrast, substituting forest
bioenergy for fossil fuel may contribute to mitigating climate change (Chen et al. 2014). Regarding
forest biomass, GHG emissions whether direct or indirect are important to the forestry (Kilpeldinen
etal. 2011). Thus, an assessment of forestry as a pathway toward climate mitigation should include
the C dynamics of forest growth, forest management, and resource utilization because these
processes affect the C budget of forest-atmosphere interactions.

Global forestry has a mitigation potential of 0.2 to 13.8 Pg CO,e/year by 2030 (Smith etal. 2014),
and forest management and forest resource utilization as well as afforestation and reforestation are
attractive mitigation options (IPCC 2014; FAO 2016). Many studies have indicated the GHG
mitigation potential of forestry from a forest management and resource utilization perspective at
both global and regional scales. Lundmark etal. (2014) estimated that forest management, especially
intensive silvicultural methods, represented an effective method of reducing C emissions in Sweden
and mitigated 10.9 Tg C/year. The Food and Agriculture Organization of the United Nations (FAO)
(2016) stated that forest resource utilization contributes to the removal of CO, from the atmosphere
because of C stored in products and the substitution effect. Xu et al. (2017) demonstrated that
improving forest resource utilization would mitigate 114.8 Tg in C emissions in British Columbia
from 2017 to 2050. Because of the complexity of considering the C flows within and among forest
ecosystems and wood products, and the substitution of fossil fuels with bioenergy, a thorough
assessment of the net effect of forestry on climate mitigation is lacking (Xu et al. 2017).

China has established the world’s largest government-financed payment for afforestation
projects in recent decades, and the forest area has increased by 3 x 10° ha/year (FAO 2010).
Previous studies have shown that forests in China act as C sinks, and the C sink has increased
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in 112.9-166.0 Tg C/year since 2000 (Pan et al. 2011; Guo et al. 2013; Zhang et al. 2013).
However, the effects of forest management and resource utilization on forest C sinks and the
net forestry C sink have not been considered. In addition, the intensity and structure of forest
management and resource utilization have changed substantially over the past 15 years. (1)
Afforestation and silviculture areas changed from 5.1 x 10° and 25.5 x 10° to 6.0 x 10° and
17.9 x 10° ha, respectively; 67.1% of afforestation occurred in the north, southwest, and
northwest while 66.9% of silviculture occurred in the east, south, and northwest. (2) Because
of economic development, the demand for and the structure of wood products have changed.
For example, wood production increasing by 35.1 x 10° m®, with 65.1% of the production
concentrated in the east and south. Additionally, the proportions of timber and firewood
production changed by 90.3-93.1 and 7.0-9.7%, respectively (CMF 2001-2015). All of the
abovementioned spatial-temporal variations in forest management and resource utilization may
have induced spatial-temporal changes in the GHG emissions, forest C sinks, and C mitigation,
which constitute the GHG budget of forestry.

Recent studies have addressed one or a few forest management or resource utilization-induced
GHG emissions in China. Liu et al. (2016a, b) reported that afforestation activity-related GHG
emissions in the Natural Forest Protection Program and Grain for Green Program totaled 65.85 Tg C
from 2000 to 2010, and these emissions could offset the C sequestration obtained by these programs
(1159.9 Tg Cintotal; Fang etal. 2015). Fuetal. (2011) determined that C emissions from harvesting
and resource utilization was 34.3 Tg Clyear from 1990 to 2009. However, a comprehensive
estimation of the GHG budget for forest management and resource utilization is still lacking. In this
study, we assessed the spatial-temporal pattern of the GHG emissions from afforestation, silvicul-
ture, harvesting, and resource utilization and the net C sink for forestry in China from2000to 2014 by
constructing the C Accounting and Net Mitigation of Forestry (CANM—Forestry) methodology.
The primary objective of this work was to address potential mitigation strategies of forest manage-
ment by evaluating the GHG budget for forest management and resource utilization, the net C sink
effects of China’s forestry, and their driving factors over the first 15 years of the twenty-first century.

2 Materials and methods
2.1 Behavior of GHGs under forest management and resource utilization

Afforestation, silviculture, and forest stand regrowth could increase the forest biomass C stock.
However, the materials used in afforestation and silviculture activities release GHGs during their
production, transportation, and application, thereby offsetting the observed increases in forest C
stocks (Fig. 1). Furthermore, during forest stand growth, disasters and harvesting cause a loss of
biomass and decrease the C stocks; and forest C stocks reduce the C loss from disasters and
harvesting and result in forest biomass C sequestration. During harvesting, the consumption of
materials also emits GHGs. After harvesting, approximately 40% of the aboveground biomass is left
on-site, and this material can be regarded as DOM and decomposes at 0.1/year (Houghton and
Hackler 1999). The remainder is removed from the forest ecosystem as harvested wood products
(HWPs) and forms the HWP C stock, which will eventually release CO, at various rates. Approx-
imately 20% of the biomass in HWPs decomposes rapidly (1.0/year), 30% is turned into short-lived
products and oxidizes at 0.1/year, and the remaining 10% undergoes long-term oxidization at a rate
of 0.01/year (Houghton and Hackler 1999; Ge et al. 2008). The HWP C stocks reduce GHG
emissions from HWP decomposition and result in HWP C sequestration. Bioenergy combustion
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Fig. 1 Behavior of greenhouse gases under forest management and resource utilization (national forest inventory
(NFI), which reflected the regrowth of forest stands, the growth of forest stands by afforestation and silviculture,
and the biomass loss from disasters and harvesting)

emits GHGs directly, whereas the substitution of fossil fuels with bioenergy could reduce GHG
emissions and result in GHG mitigation via the substitution of fossil fuel with bioenergy.

2.2 CANM-Forestry methodology

The CANM-Forestry methodology was used to calculate the GHG emissions from afforestation,
silviculture, and harvesting and resource utilization along with the forestry net C sink from 2000 to
2014 in China. The net C sink is equal to the amount of C sequestration and mitigation (including the
C sequestered in forest biomass and products, and the C sequestration of mitigation GHG emissions
from substitution effects) minus emissions from forestry (including emissions from afforestation,
silviculture, harvesting, and resource utilization). This methodology can be summarized as follows:
(1) the forestry net C sink was estimated using Eq. 1; (2) GHG emissions from afforestation were
obtained by Egs. 2 and 3; (3) GHG emissions from silviculture were estimated using Eqs. 4 and 5; (4)
forest biomass C sequestration was obtained by Egs. 6 and 7; and (5) GHG budgets for harvesting
and resource utilization were estimated using Egs. 8,9, 10, 11,12, 13, 14, and 15. All variables in the
methodology are described in Table 1. In the present study, GHGs included CO,, CHy, and N,O, and
we converted CH, and N,O into CO,-C equivalents (Ce) according to their global warming potential
(GWP) over 100 years (e.g., 25/ 44 x 12 = 6.8 for CH4 and 298/44 x 12 =81.3 for N,O) to facilitate
the calculations and discussion (IPCC 2007). We calculated the forestry C budget at the provincial
level and indicated the results at the regional level (see Appendix Fig. 3) by summing the provincial
results for a specific region.

The CANM-—Forestry methodology mainly requires data on the afforestation and silviculture area,
the timber and bioenergy production, the forest area, and the timber volume. The main data source is
the China Forestry Statistical Yearbook (CMF|1988—2015, 2001-2015), which supplied the data for
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the afforestation and silviculture area and the timber and bioenergy production for each province. The
Chinese Ministry of Forestry publishes the China Forestry Statistical Yearbook with the support of
provincial forestry associations. For detailed information on the China Forestry Statistical Yearbook,
see Appendix 2. Another source is the Forest Resource Statistics of China (CMF 2005, 2010, 2014),
which supplied the data for the forest area and timber volume of different forest types for each province.
The Chinese Ministry of Forestry organized the national forest resources inventory and published the
Forest Resource Statistics of China. Detailed information on the national forest inventory and the
Forest Resource Statistics of China is also provided in Appendix 2. Although the data for our analysis
pertained to China, the CANM—Forestry methodology is not specific to China and is generally
applicable for the evaluation of GHG budgets for forestry in other countries.

Table 1 Variables used in the Carbon Accounting and Net Mitigation of Forestry (CANM-Forestry)
methodology

Variable Meaning Units Equations
NCS Forestry net C sink Tg Ce/year 1
EA GHG emissions from afforestation 1,2
ES GHG emissions from silviculture 1,4
BCS Biomass C sequestration 1,6
EH GHG emissions from harvesting and resource utilization 1,8
CSH C sequestration of HWP 1, 14
MFS Mitigation GHG emissions from substituting fossil fuel with bioenergy 1,15
EFy,;  GHG emission factor for materials j t Celt 2,4
MA;, Amount of material j consumed during afforestation activities k t/year 2,3
RMAj;,  Amount of material j consumed per area during afforestation activities k¢ kg/ha 3
AA; Implementation area of afforestation activities & ha/year 3
MSj; Amount of material j consumed during silviculture activities & t/year 4,5
RMSj;  Amount of material j consumed per area for silviculture activities & kg/ha 5
ASy Implementation area of silviculture activities k& ha/year 5
RCS C sequestration factor via forest growth kg Ce/ha/year 6,7
AF Forest area ha 6,7
C, Biomass to C content coefficient Dimensionless 7
S; Total area of forest type j ha 7
V; Timber volume per unit area of forest type j m’/ha 7
a Constants of conversion the stand volume to the stand biomass Dimensionless 7
b 7
EDH GHG emissions during harvesting process Tg Ce/year 8,9
EDA GHG emissions from the degradation of after-harvested products 8, 10
EBC GHG emissions from bioenergy combustion 8,13
EFpg GHG emission factors from felling kg Ce/m’ 9
EF g GHG emission factors from skidding 9
EF;r GHG emission factors from log transportation 9
PSK Proportion of different skidding method Dimensionless 9
TPV Timber production m®/year 9,12
k Decay constant of first-order decay given in units of after-harvested /year 10, 11
products
CS, C stock of after-harvested products in year ¢ Tg Ce 10, 11, 14
IN, Inflow to after-harvested products during year ¢ Tg Celyear 10, 11, 12
PBA Proportion of biomass allocated to different after-harvested products Dimensionless 12
D Basic density of wood tm® 12, 13
FBC,  Coefficient of biomass to C content for different after-harvested products Dimensionless 12
EFpc  GHG emission factor from bioenergy combustion t Ce/t 13
BPV Forest bioenergy production m’/year 13, 15
EFcc  GHG emission factor from coal combustion t Ce/tec 15
NCV,.  Net calorific value of coal tec/t 15
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2.2.1 Net forestry C sink

The annual net forestry C sink in province i (NCS;, Tg Ce/year) is indicated by Eq. 1:

NCS, :_EAI_ES,—FBCSI_EH,‘FCSH,+MFS, (1)
where EA; and ES; are the GHG emissions from afforestation and silviculture, BCS; is the
forest biomass C sequestration, EH; is the GHG emissions from harvesting and resource
utilization, CSH; is the C sequestration of HWPs, and MFS; is the mitigation of GHG
emissions via the substitution of fossil fuels with bioenergy.

2.2.2 GHG emissions from afforestation

Equation 2 was used to estimate the GHG emissions from afforestation.
EA; = Y. (EF s x MA) x 1076 2)

where EF); is the GHG emission factor for material j (i.e., herbicides, fertilizers, water,
petrol, and diesel) (t Ce/t) (Appendix 3), and MA; is the consumption of material j during
afforestation activities & (i.e., soil preparation, seeding, irrigation, and fertilization) in province
i (t/year), which can be obtained using Eq. 3.

MAj = RMA x Ay x 107 3)

where RMA ;. is the consumption of material / per unit area during afforestation activities k (kg/
ha) (Appendix Table 6), and AA;; is the implementation area of the activities £ (ha/year).

2.2.3 GHG emissions from silviculture

ES; = Y (EFy; X MSy) x 107 (4)
where MS; is the consumption of material j during silviculture activities & (i.e., enclosure and
tending) (t/year), which can be obtained using Eq. 5.

MSjjx = RMS; x ASy x 1073 (5)

where RMS;;, is the consumption of material j per area for silviculture activities k (kg/ha)
(Appendix Table 7), and ASj; is the implementation area of the activities £ (ha/year).

2.2.4 Forest biomass C sequestration

Volume data were used for the forest stands to reflect the regrowth of the forest stands, the
growth of forest stands via afforestation and silviculture, and the biomass loss from disasters
and harvesting to estimate BCS;.

BCS; = RCS; x AF; x 107 (6)
where RCS; is the C sequestration factor for forests (kg Ce/ha/year) (Appendix Table 8), which
can be obtained using Eq. 7, and AF; is the forest area (ha).

31 25 31 25
RCS; = |Ce 3 3 Sy (a)Viuan +b)~C 3 3 SlaViu+b)) | /(4F; x5) (7)

i=1j=1

i (equivalent to 0.5) (IPCC 2003); S, and V;; are
o\ A L
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the total area (ha) and timber volume per area (m’/ha) for forest type j (j = 1,2, 3..., 25) in the
k + 1 and k inventory periods; and a; and b; are constants for the conversion of volume to
biomass for forest type j (Fang et al. 2014). The continuous inventory period is 5 years.

2.2.5 GHG budgets of harvesting and resource utilization

EH; = EDH, + EDA, + EBC; (8)

where EDH;, EDA;, and EBC; are the GHG emissions during harvesting, after-harvested
product degradation (including DOM and HWP, with the latter including rapid-oxidization
products (ROPs), short-lived products (SLPs), and long-term oxidization products (LOPs)),
and bioenergy combustion (Tg Ce/year), respectively.

EDH; = (EFyg + EFsg; x PSK; + EF 1) x TPV; x 10°° 9)
where EFpp, EFgy;, and EFy 7 are the GHG emission factors for felling, skidding methods j
(i.e., tractor, skyline, and animal), and log transportation (kg Ce/m?), respectively (Appendix
7); PSK;; is the proportion of methods j (Appendix Table 10); and TPV; is the timber
production (m>/year).

Weused aproduction approach and counted the GHG emissions from after-harvested products in
the timber growth provinces because of the lack of data on the transfer of provincial forest products
(Brown etal. 1998). Equation 10 was used to estimate the EDA;, which reflects the actual conditions
of GHG emissions by calculating the gradual decay process.

» (1=e™)
EDAjs1) =X (1-¢ ™) x CSj + % I_T X IN (10)
J
where £ is the decay constant of the first-order decay given in units of after-harvested products j
(/year) (Appendix Table 11); CS;is the C stock of j in year # (Tg Ce); and /N; is the inflow to j during
yeart(Tg Celyear). CS;;, and IN;, were estimated using the methods recommended by IPCC (2006).

7k (1)
CS,'/'; =e "/ X CS,']‘(F]) + |:kJ:| X 1]\7”(,71) (11)
where CSj, 1y is the C stock of after-harvested products j at the beginning of year # — 1, with
CSji1990) = 0 (IPCC 2006). Because of a lack of data on timber production before 1949, using the
predictor equation provided by the IPCC (2006) to estimate time production introduces considerable
uncertainty, especially because of the dramatic differences in the current population size and level of
economic development compared with that in 1949. Thus, we assumed that the C stock of after-
harvested products before 1949 was negligible.

INj, = PBA; x D; X FBCaj x TPV x 10°° (12)
where PBA;is the proportion of biomass allocated to after-harvested products j (Appendix Table 11);
D; is the basic density of wood (t/m®) (Appendix Table 12); FBCy;;is the coefficient of biomass to C
content for j (Appendix Table 12); and TPV, is the timber production in year ¢ (m3/year).
EBC; can be calculated using Eq. 13.

EBC; = EFpc X D; X BPV; x 10°° (13)
where EFpc 1s the GHG emission factor for bioenergy combustion (t Ce/t) (Appendix 11), and
BPV, is the bioenergy production (m*/year).
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CSH; can be calculated from the C stocks of HWPs by subtracting the GHG emissions from
HWP decomposition as follows:

CSH; = CS;~EDA; (14)
MFS; can be calculated using Eq. 15:

MFS; = EFcc x NCV¢ x BPV;/2 x 10°¢ (15)
where EF ¢ is the GHG emissions factor for coal combustion (t Ce/tec) (Appendix 11); NCV,. is
the net calorific value of coal and was equal to 0.71 tec/t (Lu etal. 2010). In this equation, the number
2 denotes that 2 m> of bioenergy can be substituted for 1 t of coal in China (Liu et al. 2016a).

3 Results

3.1 Spatial-temporal dynamics of GHG emissions from forest management
and resource utilization

The GHG emissions from forest management and resource utilization exhibited substantial
spatial-temporal variations (Fig. 2). The national GHG emissions increased dramatically from
12.7 to 25.5 Tg Ce/year during 20002014 (Fig. 2g). Of the three factors investigated,
afforestation-related GHG emissions (EA) increased the most, followed by harvesting and
resource utilization-induced GHG emissions (EH), whereas silviculture-related GHG emis-
sions (ES) decreased by 0.3 Tg Ce. At the regional level, GHG emissions showed an
increasing trend, except in the northeast. Most of these increases occurred in the south
(4.4 Tg Ce), and 67.2% was contributed by EH (Fig. 2d). GHG emissions in the southwest,
cast, northwest, and north increased by 3.7, 2.7, 1.4, and 0.9 Tg Ce, respectively. Of these
increases, 97.5, 56.2, 115.0, and 137.9% were attributed to increases in EA (Fig. 2a, ¢, e, and
f), respectively. The GHG emissions in the northeast decreased by 0.4 Tg Ce (Fig. 2b), and
174.2% was attributed to a decrease in EH.

From 2000 to 2014, the total GHG emissions from forest management and resource
utilization in China was 266.1 Tg Ce (Fig. 2g), and 62.6% of the GHG emissions occurred
in the northeast, east, and south. Of the factors investigated, EH contributed the most to the
national GHG emissions (64.5%), followed by EA (34.1%) and ES (1.3%). At the regional
level, EH dominated the GHG emissions in the north, northeast, east, and south, and FA
presented the largest contribution to the GHG emissions in the southwest and northwest.

3.2 Spatial-temporal variation of the forestry C budget

The spatial-temporal variations in the C sequestration and net C sink values are also shown in Fig. 2. On
anational scale, the biomass C sequestration (BCS) decreased from 174.9 to 114.2 Tg Ce/year and then
increased to 127.6 Tg Ce/year as the afforestation area initially decreased and then increased (Fig. 2g).
The HWP C sequestration (CSH) increased by 18.8 Tg Ce. In contrast, the GHG emissions also
increased gradually with net increases of 35.1 x 10° m® in wood production and 10.9 x 10° t in
accumulative fertilization during the study period (CMF 2001-2015). Thus, the net C sink (NCS)
decreased from 227.3 to 186.8 Tg Ce/year.

Compared with the national trends, the BCS behaved in a similar fashion in the north. After
subtracting GHG emissions, the NCS increased by 5.8 Tg Ce/year (Fig. 2a) and presented an average
value of 21.4 Tg Ce/year. The BCS also increased by 20.2 and 9.9 Tg Ce/year in the northeast and
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northwest, which resulted in an increase in the NCSby 19.5 and 8.0 Tg Ce/year, respectively (Fig. 2b,
1), and the average values were 33.5 and 8.0 Tg Ce/year, respectively. In the east and south, the BCS
initially increased and then decreased while the CSH increased (Fig. 2c, d), which resulted in an
increase in the NCS of 11.9 and 7.7 Tg Ce/year, and the average values were 33.9 and 35.1 Tg Ce/year.
In the southwest, both the BCS and NCS decreased by 90.6 and 93.3 Tg Ce/year, respectively (Fig. 2e),
and the average NCS was 57.9 Tg Ce/year. For the six regions, the NCS was highest in the southwest

and lowest in the northwest.
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3.3 Offset effect of GHG emissions on the C sink

The sum of the BCS and CSH was 206.3 Tg Ce/year from 2000 to 2014. However, forest
management and resource utilization resulted in emissions of 17.7 Tg Ce/year. Moreover, the
MFS could mitigate 1.3 Tg Ce/year emissions. Therefore, the NCS was 189.8 Tg Ce/year. The
GHG emissions from forest management and resource utilization offset 8.5% of the biomass and
products C sink and GHG mitigation from substitution effects, and the highest offset value was
observed in the northwest (Table 2). On a national scale, EH offset the greatest amount of the C sink
and accounted for 64.5% of the total offset amount. On a regional scale in the north, northeast, east,
and south, £H was the most important offset of the C sink and accounted for 52.5, 86.8, 74.8, and
76.6% of the regional offsets, respectively. In the southwest and northwest, FA offset the greatest
amount of the C sink and was responsible for 56.0 and 78.4% of the regional offsets, respectively.

3.4 GHG emissions intensity of forest management and resource utilization

The GHG emissions intensity of forest management and resource utilization showed a spatial
pattern because of the spatial heterogeneity of the parameters used to calculate the regional
GHG emissions (Table 3). The highest GHG emissions intensity value of afforestation and
silviculture occurred in the east and southwest, and the lowest values occurred in the north and
cast; the highest GHG emissions intensity value of resource utilization occurred in the
northwest, and the lowest value occurred in the south.

4 Discussion
4.1 Forestry GHG budgets and net C sink

In our study, the forest biomass C pool in China was 6.5 Pg Ce, whereas the forest biomass C
pools in the USA and Europe were 18.9 and 12.4 Pg Ce, respectively (Pan et al. 2011). These
differences may be attributable to the smaller forest area and lower C density in China, which
are related to the increased level of human disturbance and younger forests. Young forests
accounted for 68% of the total forest area in China, whereas they accounted for only 33-37%
in the USA and Europe (Oswalt et al. 2014; Vilén 2015). Additionally, the C pool of old-
growth forests was 2.2- to 2.3-fold higher than that of young forests (Harmon et al. 1990).
However, the biomass C sink in China (135.7 Tg Ce/year) was compared with that in the USA
(142.9 Tg Cel/year) and was larger than that in Canada (—57.1 Tg Ce/year) and Japan

Table 2 Offset effects of green- ] L. .
house gas emissions on the carbon Region Offset effects of GHG emissions on the C sink (%)

sink
TE/TCS EA/TCS ES/TCS EH/TCS

North 9.6 44 02 5.0
Northeast 7.6 0.9 0.1 6.6
Bast 108 26 0.1 8.1
South 10.8 24 0.1 8.3
Southwest 5.0 28 0.1 21
TE total GHG emissions, TCS e 111 05 26
China 85 29 0.1 55

total C sink
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(20.0 Tg Cel/year) (Pan et al. 2011). These differences may be related to the unique age
structure of Chinese forests, which are currently in the productive stage (Zhang et al. 2013).
Although the C pool in China was relatively smaller than that in the USA and Europe, the data
indicate that China’s forests have great potential to sequester more C in the future via the
development of a larger C sink.

Because of differences in geography, climate, management style, system boundaries, spatiotem-
poral scales, processes, and methodical assumptions, the GHG emissions from forest management
and resource utilization varied considerably in different studies (Liu et al. 2017). In our study, the
GHG emissions from forest management and resource utilization (Table 3) were larger than those
presented by Kilpeldinen etal. (2011), who estimated that the GHG emissions associated with forest
management and resource utilization in Finland were 17.7 and 733.6 kg Ce/ha/year as a result of
reduced fossil fuel use or fossil fuel-related product consumption in afforestation, silviculture, and
harvesting activities (e.g., fossil fuels consumed by soil preparation in our study and the
Kilpeldinen’s study were 18 and 15 kg/ha, respectively). Our study also indicated that GHG
emissions from forest management and resource utilization offset 8.5% of the biomass and products
C sink and GHG mitigation from substitution effects (Table 1), which implies that forest manage-
ment and resource utilization significantly affects the forestry C budget in China. Excluding GHG
emissions, the net forestry C sink was 189.8 Tg Ce/year, which can offset 10.5% of China fossil fuel
CO, emissions (1810.6 Tg Ce/year during 2000-2014; Bodenetal. 2017). However, compared with
the global terrestrial C sink of 1900 Tg Ce/year (Le Quéré et al. 2016), the Chinese forestry C sink
was smaller and accounted for only 10.0% of the global terrestrial C sink.

4.2 Forest management for GHG mitigation

Forest management is akey strategy for climate change mitigation (Naudts et al. 2016), although its
net mitigation effects should deduct GHG emissions from these activities (Liu et al. 2016a, b). Our
studies showed that forest management activities emitted 6.3 Tg Ce/year, and 96.2% of this amount
was caused by afforestation. However, the C sink generated by afforestation was 81.4 Tg Ce/year
based on the reported forest areal expansion, which contributed 60% of the forest biomass C sink
(Fang et al. 2014). Therefore, GHG emissions from forest management activities could be com-
pensated for by the C sequestration associated with these activities, indicating that forest

Table 3 Greenhouse gas emission intensity of forest management and resource utilization

Item GHG emission intensity (kg Ce/ha/year)

North ~ Northeast  East South Southwest ~ Northwest ~ China

Afforestation 60.9 66.3 1210 835 111.8 74.5 85.6
Soil preparation 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Seeding 0.2 0.3 0.2 0.2 0.2 0.2 0.2
Irrigation 0.3 0.3 04 0.2 0.3 04 0.3
Fertilization 5833 8727 5454  486.1 3321 389.7 441.0

Silviculture 1.0 0.9 0.6 0.7 1.6 0.8 0.8
Enclosure 44 44 44 44 4.4 44 44
Tending 0.8 0.9 0.7 0.6 0.5 0.7 0.7

Resource utilization 907.9 13228 6489 4338 19319 2318.8 1005.0
Harvesting process 18.8 18.8 18.4 17.6 17.6 18.8 18.4
After-harvested products ~ 908.1  978.8 7146 5673 8704 1641.1 742.0
Bioenergy combustion 706.5  706.5 849.0 849.0  849.0 849.0 833.6

@ Springer



654 Mitig Adapt Strateg Glob Change (2018) 23:643-666

management represents a feasible mitigation strategy in China. The production and application of
fertilizers is one of the most important factors associated with GHG emissions from forestry
(Gonzalez-Garcia et al. 2014). In our study, 98.3% of the afforestation GHG emissions is derived
from fertilization because of the N,O emissions from nitrogen fertilizer applied to economic forests.
This is particularly true in the southwest and northwest regions, where large-scale economic forests
(e.g., Eucalyptus spp., Hevea brasiliensis, and Malus pumila) distributed. Furthermore, the GHG
emissions from fertilization in China (Table 3) were higher than that in the nursery operations in
California, which was 360.0 kg Ce/ha/year (Kendall and McPherson 2012), because of the high
energy consumption of fertilizer production and the low use efficiency of fertilizer application (Kahrl
etal. 2010; Chen etal. 2015). Therefore, improvements to the efficiency of fertilizer production and
application could represent a primary mitigation strategy in China and also an important mitigation
option for countries that engage in large-scale afforestation, such as India and Vietnam (FAO 2010).

4.3 Utilization of forest resources

The utilization and decomposition of forest resources was responsible for the largest GHG emissions
of forestry (Kilpeldinen et al. 2011). Our results also indicated that forest resource utilization
accounted for 64.5% of the forestry GHG emissions in China (Fig. 2). The GHG emissions from
forestresources in our study were significantly lower than those observed by Fuetal. (2011) because
our calculations were based on the gradual decay of GHG emissions from HWP rather than
assuming that a portion of HWP is immediately oxidized and releases CO, during the harvest year.
Forest resource utilization-induced GHG emissions were significantly correlated with wood pro-
duction (P < 0.01**, n = 465), indicating that a decrease in wood production is the most important
mitigation strategy for the forests of China, particularly in the north, northeast, east, and south. A
decrease in wood production might also be an attractive mitigation strategy for countries that suffer
from large-scale deforestation, such as the reduction of emissions from deforestation and forest
degradation in developing counties (REDD+). Furthermore, the use of forest bioenergy to replace
fossil fuels is also a mitigation opportunity. The FAO (2016) indicated that bioenergy could mitigate
109-1200 Tg Ce/year in global emissions. Compared with the global level, the mitigation effect of
the substitution of bioenergy for fossil fuel was lower in China, which mitigated only 1.3 Tg Ce/year
emissions on a national scale and decreased GHG emissions by 3.6—14.9% in the north, northeast,
east, and south regions. This difference may be attributed to only 7.0-9.7% of the wood used as
bioenergy in China (CMF 2001-2015), whereas this percentage was approximately 50% for the
entire world (FAO 2016). Moreover, the GHG emissions from the substitution of bioenergy for fossil
fuel are expected to be recouped by the growth of new forest biomass and result in zero net emissions
(Buchholzetal. 2014). Therefore, developing forests for bioenergy should be actively encouraged to
mitigate GHG emissions in China, especially in the north, northeast, east and south, and it may also
be a promising climate mitigation strategy for Europe, North America, and Oceania, where the
percentage of wood used as bioenergy is low (FAO 2010).

4.4 Uncertainties and limitations

Because of a lack of data, we did not consider the GHG budget of the forest soil and the CHy
and N,O cycles after harvesting. In the present study, the most important uncertainty is derived
from the parameters considered. The CANM-Forestry methodology simulates a wide range of
processes and requires many parameters. Based on abundant studies of forests in China, we
could collect many. observations. However, certain values from technical regulations were
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different from those produced via practical operations. For instance, technical regulations
require that fertilizers be applied using holes; however, in practical operations, forest rangers
generally apply fertilizer by root dipping, which reduces the amount of fertilizer. Thus, the
GHG emissions generated via fertilization may be overestimated. Future research should
address these parametric differences in practical operations.

The second uncertainty is originated from the GHG emission factors. In the present study,
the GHG emission factors were mainly caused by the consumption of fossil fuels or fossil fuel-
related products (Eqgs. 16-31), which were obtained from the IPCC tier 1 level (2006).
However, GHG emission factors for fossil fuel consumption may vary with different technol-
ogies and equipment from the tier 3 level (IPCC 2006); because we had no data concerning
these conditions, they were not considered.

The third uncertainty is generated from biomass C sequestration. Fang etal. (2014) reported that the
R?values of the biomass expansion factor equations for most forest types were greater than 0.8 and the
estimation error should be <3% on a national level. Furthermore, we assumed that the timber volume
data from the national forest inventory was able to reflect the volume loss of natural disasters; however,
the breakout areas of these disasters from the national forest inventory were different those from
forestry-specific inventories (CMF 2001-2015, 2005, 2010, 2014). Therefore, the timber volume
from national forest inventory may partly embody the volume loss caused by disasters. If this change
was considered, then the forestry net C sink would vary from 182.0 to 189.8 Tg Ce/year.

5 Conclusions

Forest management and resource utilization significantly affect the forestry C dynamics in China.
GHG emissions from forest management and resource utilization increased by 12.8 Tg Ce, which was
mainly because of increases in afforestation from 2000 to 2014. The total GHG emissions averaged
17.7 Tg Celyear, and 62.6% was concentrated in the northeast, east, and south; these emissions offset
8.5% of the biomass and products C sink and GHG mitigation from substitution effects, whichresulted
inanet C sink of 189.8 Tg Ce/year. Forest resource utilization was a major contributor to the national
GHG emissions, whereas the key driving factors for regional GHG emissions varied. In the southwest
and northwest, afforestation dominated the GHG emissions and was responsible for 56.0 and 78.4% of
the C offsets resulting from large-scale economic forests, respectively. In the north, northeast, east, and
south, forest resource utilization was the major contributor to GHG emissions because of high wood
production, which contributed 52.5-86.8% of the C offsets.

China is the world’s largest CO, emitter, and forestry play an important role in mitigating
these emissions. As forest management, decreased wood production, improved fossil fuels or
fossil fuel-related product utilization efficiency and forests developed for bioenergy are
important mitigation strategies that could increase the forestry C sink in China and should
be targeted for implementation in various regions. These strategies also have important
implications and might provide promising mitigation options for forest management in other
counties as well. Future research should address the influences of forest management and
resource utilization on the forest soil to provide a complete understanding of the role of
forestry in climate change mitigation.
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Appendix 1
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Fig. 3 Forestry regions of China: (a) north (including Beijing, Tianjin, Hebei, Shanxi, and Inner Mongolia), (b)
northeast (including Liaoning, Jilin, and Heilongjiang), (c) east (including Shanghai, Jiangsu, Zhejiang, Anhui,
Fujian, Jiangxi, and Shandong), (d) south (including Henan, Hubei, Hunan, Guangdong, Guangxi, and Hainan),
(e) southwest (including Chongqing, Sichuan, Guizhou, Yunnan, and Tibet), and (f) northwest (including
Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang)

Appendix 2 Detailed information on the data sources

The China Forestry Statistical Yearbook was primarily compiled according to the annual
statistical report of forestry for provinces and included forest and wetland resources; ecological
construction; industry development; staff and labor remuneration; forestry investments; and six
categories of forestry education. The national forest inventory conducted the consecutive
inventory of forest resources methodology on a provincial scale. A combination of remote
sensing techniques was used to monitor the land use/cover, forest area, volume and distribu-
tion, the ecological characteristics, and site conditions of forest stands, which were obtained
from 0.41 million permanent sample plots and 2.84 million remotely sensed sample plots
compiled in the Forest Resource Statistics of China (CMF 2005, 2010, 2014). The precision of
these data was required to be >90% by the sampling design (CMF 2015).
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Appendix 3 GHG emission factors for the materials

The GHG emission factor for herbicides (EF g piciae, t Ce/t) was calculated by Eq. 16:

EFHerbiCide = (EP +EFPT) x 0.14 x 12/44 (16)

where EFp is the energy requirement for herbicide production in MJ/kg active ingredient (ai).
This value was 150.9 MJ/kg ai for trifluralin (Audsley et al. 2009). EFgpr is the energy
requirement for the formulation, packaging, and transport of an herbicide (assumed as 20 MJ/
kg ai) (Green 1987), and 0.14 is a coefficient for converting energy consumption to Ce (kg Ce/
MJ) (Chen et al. 2016).

EFp for 2,4-D butylate was calculated according to Audsley et al. (2009):

Ep =-399 +10.8 x (Y-1990) R* = 0.57 (17)

where Y is the year of the reported discovery of 2,4-D butylate (1942).
The GHG emission factor for petrol combustion (EFp,,.;, t Ce/t) was calculated by Eq. 18:

EFPotrol = Z(ak X NCVP X EF/"«P) X 10_9 (18)

where oy is the conversion coefficient for GHG k to GWP (IPCC 2007); NCV,, is the net
calorific value for petrol, which was 43,070 kl/kg (NBS and NDRC 2013); and EFy, is the C
emission factor of the GHG k from petrol combustion (kg/TJ) (IPCC 2006).

The GHG emission factor for diesel combustion (EF p;;, t Ce/t) was calculated by Eq. 19:

EF pigses = (0 x NCVy x EFiq) x 107 (19)

where NCV,, is the net calorific value of diesel and equivalent to 42,652 kJ/kg (NBS and NDRC,
2013); and EF} is the C emission factor of GHG & from diesel combustion (kg/TJ) (IPCC 2006).
The GHG emission factor for synthetic fertilizer (EF rejizer, t Ce/t) was calculated by Eq. 20:

EF portitizer = (EFN] + EFpy +EFPO) XN+ EFnoy X N x 298 x 44/28 X 12/44(20)

where EFy;, EF py, and EFpg are the integrated GHG emission factors for nitrogen, phosphate,
and potash production, and their values are 2.116 t Ce/t N, 0.636 t Ce/t P,Os,and 0.180t Ce/t K, O,
respectively (Chen et al. 2015); N is the proportion of N, P,Os, and K,O in synthetic fertilizer
(N/P,Os/K,0=1:1:1),and the valueis 15%; EF yo, is the NO, direct emission factor for synthetic
fertilizer application (t N,O-N/t N) (Table 5).
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Table 4 Greenhouse gas emission factors for the production or application of different materials

Materials EFy (t Celt) Source

Herbicides-2,4-D butylate 2.85 Egs. 16 and 17
Herbicides-trifluralin 6.53 Egs. 16 and 17

Petrol 0.85 Eq. 18

Diesel 0.88 Eq. 19

Water 0.02 x 107 Liu et al. 2016a

Tron wire 0.66 Tian et al. 2013; Liu et al. 2016a
Cement 0.19 Wang et al. 2013

Table 5 NO, emission factors for synthetic fertilizer applications and greenhouse gas emission factors for
synthetic fertilizer applications

Region EFyo> (t N;O-N/t NY?* EFpesiizer (t Celt)P
North 0.00483 0.53
Northeast 0.0101 0.63
East 0.0119 0.67
South 0.0119 0.67
Southwest 0.0119 0.67
Northwest 0.00483 0.53

 Zheng et al. (2004)
® Our calculation was based on Eq. 20

Appendix 4

Table 6 Material consumption of afforestation activities

Region Province RMA (kg/ha)

SPD*  SPH®  SDD°  SDPY IW° FFf FD®
North Beijing 55.8 5.0 37 02 460,909.8 21,633.2 2574
Tianjin 3.7 321,328.8 17,976.6 2139
Hebei 37 286,392.2 17,309.7 206.0
Shanxi 3.7 353,460.0 14,596.7 173.7
Inner Mongolia 39 129,740.5 17,060.8 203.0
Northeast Liaoning 55.8 5.0 4.8 0.2 304,372.5 17,985.2 214.0
Jilin 226,069.7 24,121.6 287.1
Heilongjiang 154,503.7 24,591.1 292.6
East Shanghai 55.8 5.0 33 0.2 485,155.8 13,071.1 155.6
Jiangsu 33 176,504.8 95453 113.6
Zhejiang 33 280,474.4 9739.1 1159
Anhui 33 201,340.2 9555.1 113.7
Fujian 35 115,253.3 8492.9 101.1

Jiangxi 3.1 122,353.0 6714.5 79.9
Shandong 3.8 565,183.0 16,010.7 190.5
South Henan 55.8 5.0 3.8 0.2 319,921.4 14,793.5 176.0
3 204,221.8 8840.5 105.2

103,813.5 6429.4 76.5

93,031.4 8520.7 101.4
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Table 6 (continued)

Region Province RMA (kg/ha)
SPD*  SPH°  SDD°  SDP! W FFf FD#
Guangxi 35 188,231.4 11,661.1 138.8
Hainan 3.6 333,707.1 13,486.7 160.5
Southwest Chonggqing 55.8 5.0 29 0.2 121,986.6 6975.5 83.0
Sichuan 29 132,853.6 9311.8 110.8
Guizhou 29 147,205.4 5868.7 69.8
Yunnan 33 377,622.1 7334.6 87.3
Tibet 55 181,336.8 9914.4 112.0
Northwest Shaanxi 55.8 5.0 32 0.2 243,387.8 9605.8 114.3
Gansu 35 268,683.1 12,199.8 1452
Qinghai 5.5 78,255.0 8572.5 102.0
Ningxia 35 237,928.4 9441.9 112.4
Xinjiang 34 908,873.9 11,279.8 1342
China Total 55.8 5.0 35 0.2 41,472.7 10,600.9 126.2

SPD the consumption of diesel for soil preparation, SPH the consumption of herbicides for soil preparation, SDD the
consumption of diesel for seeding, SDP the consumption of petrol for seeding, /W the consumption of water for
irrigation, FF the consumption of synthetic fertilizer for fertilization, FD the consumption of diesel for fertilization

#QOur calculation was based on NSPRC (1995), Chen et al. (2008), BMBS and NBSSOB (2011), and Liu et al.
(2016a)

® Our calculation was based on NSPRC (1995) and Liu et al. (2016a)

¢ Our calculation was based on NSPRC (2006), CMF (2009), and Liu et al. (2016a)

4 Our calculation was based on NSPRC (2005) and Zhang and Lei (2010)

¢ Our calculation was based on NSPRC (2006) and Zhou and Ao (2014)

fOur calculation was based on NSPRC (2006), Zhou and Ao (2014), and Liu et al. (2016a)

£ Qur calculation was based on NSPRC (2006), BMBS and NBSSOB (2011), Zhou and Ao (2014), and Liu et al.
(2016a)

Appendix 5

Table 7 Material consumption of silviculture activities

Region Province RMS (kg/ha)
EF EC® ED® TH TD* TP*
North Beijing 9.6 362.9 44 1.5 3.40 0.6
Tianjin 15
Hebei 1.5
Shanxi 1.5
Inner Mongolia 1.6
Northeast Liaoning 9.6 362.9 44 2.0 3.41 0.6
Jilin
Heilongjiang
East Shanghai 9.6 362.9 44 13 5.46 6.2
Jiangsu 1.3
Zhejiang 1.3
Anhui 13
1.4
1.2
1.5
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Table 7 (continued)

Region Province RMS (kg/ha)
EP EC’ ED* TH! TD® TpP*
South Henan 9.6 362.9 44 1.5 0.04 2.8
Hubei 1.2 0.03
Hunan 1.1 0.03
Guangdong 14 0.03
Guangxi 1.4 0.03
Hainan 14 0.04
Southwest Chonggqing 9.6 362.9 44 1.1 0.03 2.8
Sichuan 1.1 0.03
Guizhou 1.1 0.03
Yunnan 1.3 0.03
Tibet 22 0.05
Northwest Shaanxi 9.6 362.9 44 1.3 3.39 0.6
Gansu 1.4 3.40
Qinghai 22 342
Ningxia 14 3.40
Xinjiang 14 3.40
China Total 9.6 362.9 4.4 1.5 2.54 0.6

EI the consumption of iron wire for enclosure, EC the consumption of cement for enclosure, ED the consumption
of diesel for enclosure, 7H the consumption of herbicides for forest tending, 7D the consumption of diesel for
forest tending, 7P the consumption of petrol for forest tending

?Our calculation was based on CMF (2009), Shi (2009), and Liu et al. (2016 b)

® Our calculation was based on Cao (2004), CMF (2009), and MIITPRC (2010)

¢ Our calculation was based on BMBS and NBSSOB (2011), and Liu et al. (20164, b)
4 Our calculation was based on NSPRC (1995, 2006, 2009), and Liu et al. (20164, b)

¢ Our calculation was based on NSPRC (1995, 2009), Jiang et al. (1995), IPCC 2006), Li and Cai (2006); Xu
et al. (2010), BMBS and NBSSOB (2011), and Zhou et al. (2014)

fOur calculation was based on Jiang et al. (1995), IPCC (2006), Li and Cai (2006), NSPRC (2009), Xue and
Zhang (2009), Xu et al. (2010), Zhou et al. (2014), and Liu et al. (2016a, b)

Appendix 6

Table 8 Carbon sequestration factor for forests

Region Province RCS (kg Ce/halyear)*
2000-2003 2004-2008 2009-2014
North Beijing 689.1 860.0 1018.3
Tianjin -197.1 1096.7 17134
Hebei 173.9 868.4 6744
Shanxi 408.0 802.5 1152.8
Inner Mongolia 845.9 411.7 950.9
Northeast Liaoning 418.0 840.0 1179.0
Jilin 378.7 238.1 897.7
ilongji 705.6 608.4
2064.8 1482.9

1621.0 1906.8
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Table 8 (continued)

Region Province RCS (kg Ce/ha/year)*
2000-2003 2004-2008 20092014
Zhejiang 103.9 1140.5 884.0
Anhui 511.2 1006.6 1059.9
Fujian 8438.8 792.8 16714
Jiangxi 928.8 9254 3014
Shandong 1893.3 2071. 1 1013.8
South Henan 1616.8 1618.7 1067.0
Hubei 3314 1012.2 1157.9
Hunan 638.8 897.6 -12.5
Guangdong 791.5 184.8 743.5
Guangxi 876.0 896.1 450.2
Hainan 613.3 30.9 1620.9
Southwest Chongqing 5901.1 1335.8 1284.4
Sichuan 2484 640.3 6373
Guizhou 1045.7 1548.2 1396.1
Yunnan 701.0 646.3 621.9
Tibet 11,034.8 505.8 1309
Northwest Shaanxi 60.4 545.2 1203.4
Gansu 100.9 857.2 894.4
Qinghai 826.3 712.4 860.5
Ningxia —-1230.5 757.6 1062.4
Xinjiang 820.9 923.4 1281.7
China Total 689.1 860.0 1018.3

?Our calculation was based on CMF (2005, 2010, 2014)
Appendix 7 GHG emission factors for the harvesting process

EF g was calculated by Eq. 21:

EFpg = EF payot X DUpg x 107° (21)

where DU is the petrol consumption per unit of timber production for felling, and the value
was 0.075 kg/m® (Zhou et al. 2014).
The GHG emission factors for tractor skidding (EFsgz kg Ce/m®) were calculated as

follows:
EFsgr = EF pigset X DUsgr % Dggr x 107 (27)

where DUsris the diesel consumption per unit of timber production for tractor skidding, and
the value is 0.095 kg/m3/km (Jiang et al. 1993; Zhou et al. 2014); Dgkr is the distance for
tractor skidding, and the value is 3 km (Zhou et al. 2014).

The GHG emission factors for skyline skidding (EFsxs, kg Ce/m®) were calculated as

follows:

EFsgs = EF gigset X DU ks x Dsgs x 107 (28)

where DU ks is the diesel impti 1nit of timber production for skyline skidding, and
Dsks 1s the skyline skidding distance, and the
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We assumed that no GHG emissions occurred for animal skidding (EF k).
EF;rwas calculated as follows:

EF 17 = (EF gieset X DUy + EF ey X DUp4) x 1/2 x Dy, x 107 (29)

where DUj -y is the diesel consumption per unit of timber production for log transportation by
farm vehicles, and the value is 0.07 kg/m*/km (Chen 2011); DU, 4 is the petrol consumption per
unit of timber production for log transportation by automobile, and the value is 0.042 kg/m*/km
(Ren et al. 1999; Zhou et al. 2014), and 1/2 is the proportion of different log transportation
methods; D; is the log transportation distance, and the value is 40 km (Zhou et al. 2014).

Table 9 Greenhouse gas emission

factors for the harvesting process Parameter Emission factors (kg Ce/m’)
EFpg 0.07
EFsxr 0.25
EFsks 0.15
EFsga 0.00
EFr 1.94
Appendix 8

Table 10 Proportions for different skidding methods

Region PSK (dimensionless)®

Tractor Skyline Animal
North 100%
Northeast 100%
East 50% 50%
South 50% 50%
Southwest 50% 50%
Northwest 100%

# Jiang et al. (1995)

Appendix 9

Table 11 Decay rates and biomass fractions allocated to different after-harvested products

After-harvested products k (/year)* PBA (dimensionless)®
DOM 0.10 40%

ROP 1.00 20%
SLP 0.10 30%
10%

and Ge et al. (2008)
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Appendix 10

Table 12 Basic density of wood and coefficient of biomass to carbon content for different after-harvested
products

Region D (t/m3)a FBC, (djmensionless)b
DOM ROPs SLPs LOPs

North 0.40 0.51 0.34 0.44 0.51
Northeast 0.40 0.51 0.34 0.44 0.51
East 0.48 0.50 0.34 0.44 0.50
South 0.48 0.48 0.34 0.44 0.48
Southwest 0.48 0.48 0.34 0.44 0.48
Northwest 0.48 0.50 0.34 0.44 0.50
China 0.46 0.50 0.34 0.44 0.50

*RIWI and CAF (1982)
" Dias et al. (2007, 2009) and Bai (2010)

Appendix 11 GHG emission factors for bioenergy and coal combustion

EFgc =Y (ax x EFyy) x 107 (30)

where EFy;is the GHG emission factor for GHG k from bioenergy combustion (g/kg), and the
value is 1131.40 for CO,, 2.20 for CHy, and 1.07 for N,O (Wang et al. 2009; Lu et al. 2011).
The value of EFzc is 0.41 t Celt.

EFcc = (g x EFy) x 0.029 x 107 (31)

where EF}. is the GHG emission factor for GHG k from coal combustion (kg/TJ), and the
value is 81,548.29 for CO,, 10 for CHy, and 1.4 for N,O (IPCC 1997; Ma et al. 1999). The
terajoule to tons of standard coal equivalent coefficient (TJ/tec) is 0.029. The value of EF ¢ is
0.66 t Ce/tec.
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