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Abstract 1 

 2 

This study evaluates the economic and global-warming potential for a 100% biomass direct-3 

fire biopower plant in Indiana using short-rotation coppice  poplar (Populus spp.) as a feedstock. 4 

The poplar yield and moisture content data were collected from an actual field trial conducted in 5 

southern Indiana beginning in 2013. Monte-Carlo simulation was applied to account for 6 

uncertainty in three parameters (poplar yield, moisture content, and planting costs).   7 

We found that the biopower plant is economically infeasible in Indiana, as the estimated 8 

system break-even price (21.5 cents/kWh) is six times higher than the current wholesale 9 

electricity price in Indiana. Based on the LCA analysis, we found that this pathway has negative 10 

net emissions (-1.14 kg CO2 eq/kWh), due to carbon sequestration. As a coal-intensive power-11 

generating state, Indiana would require a carbon tax above $93.5/ton CO2-equivalent to make the 12 

biopower plant competitive with other types of power plants (coal and natural gas). 13 

This analysis was based on average-quality land. We then conducted a sensitivity analysis 14 

using poor- and high-quality land. There are small, statistically significant differences between 15 

land types, but likely they are not economically significant because the data we have for the three 16 

land rents are subject to high uncertainty, which could not be quantified. 17 

  18 

 19 

 20 

Keywords: stochastic techno-economic analysis; life-cycle assessment (LCA); short-rotation 21 

coppice (SRC) poplar; biopower; renewable electricity 22 

  23 
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Nomenclature 

BBFB Biomass Bubbling Fluidized Bed  

DOE Department of Energy 

EGU Energy Generating Unit 

GHG Greenhouse Gas 

GREET 
Greenhouse Gases, Regulated Emission, and 

Energy Use in Transportation model 

GWP Global Warming Potential 

IRR Internal Rate of Return 

LCA Life Cycle Assessment 

NPV Net Present Value 

SRC Short Rotation Coppice 

SWPAC Southwest Purdue Agricultural Center 

  24 
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1. Introduction 25 

Electricity produced from biomass is renewable and has the potential to mitigate greenhouse 26 

gases (GHG) compared to coal-fired power plants. Carbon emission reductions are one of the 27 

driving forces behind biopower electricity capacity investments [1–3]. The biggest issue has 28 

been to overcome its economic infeasibility, relative to fossil electricity pathways through 29 

government policy, with the goal of renewable energy expansion.  30 

Poplar (Populus spp.) shows promise as a dedicated bioenergy crop. Short-rotation coppice 31 

(SRC) is a special production method that exploits rapid shoot re-growth from the stumps of 32 

trees that have been cut near ground level. The main advantage of SRC poplar is that this fast-33 

growing tree can be coppiced every three years for up to eight harvesting cycles, without the 34 

need to replant [4]. However, there is large variability in poplar yield, depending on the planting 35 

site and genotype [5–10]. Therefore, knowing yield in the area where the biomass production is 36 

expected to occur is the most important factor for project evaluation.  37 

The Indiana power-generation system is heavily coal-dependent; coal-fired power plants 38 

generate more than 70% of total utility-scale electricity. The resulting low electricity price has 39 

hindered large renewable penetration in Indiana, with only five percent of the power being 40 

generated from renewable resources.  41 

The objective of this study is to examine the economic feasibility, global-warming potential 42 

(GWP) of a SRC poplar-fed biopower plant in Indiana. Utilizing biomass yields obtained from a 43 

field trial conducted in southern Indiana, this study models a 50-MW direct-firing combustion 44 

biopower plant in that locale using regionally tailored data from the U.S. Department of Energy 45 

(DOE) [11]. For the economic analysis, all costs needed to operate the system are accounted for, 46 

including: poplar production fieldwork costs, biomass transportation, and power-plant operating 47 

costs. To estimate the net carbon emission of this system, compared to the conventional coal-48 

power plant, life-cycle assessment (LCA), including poplar cultivation-related emissions, poplar 49 

biogenic emissions (e.g. carbon sequestration), and power-plant emission were evaluated.  50 

 51 

2. Methodology 52 

2.1 Techno-economic analysis  53 

The first section covers all the components of the economic analysis for the complete poplar-54 

to-power pathway, including the experimental poplar data on which the poplar yields and 55 
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moisture are based, optimization of poplar plantation size, and the timeline. Subsequent sections 56 

cover the poplar biomass production costs, power plant costs, and an economic analysis of the 57 

entire system.  58 

 59 

2.1.1 System design  60 

2.1.1.1 Biomass yield and moisture content data 61 

In 2013, the SRC poplar (60 genotypes, 6-10 ramets per genotype in each of four replicate 62 

blocks) were planted at the Southwest Purdue Agricultural Center (SWPAC) located in southern 63 

Indiana, approximately five miles north of Vincennes. Trees were harvested after three years, 64 

and yield from the highest-performing third of the genotypes was utilized this study. The mean 65 

yield and moisture content were 25.15 dry tons/ha and 54.6%, respectively. In parametrization 66 

yield, the following two adjustments were applied: a yield gap and second-harvest yield changes. 67 

The yield gap is to reflect the diminished yield in commercial plantings relative to research trials, 68 

due to the lack of timely field operations and resource limitations [12,13]. We reduced the 69 

SWPAC yield by 15% to account for the research plot-farmer yield gap. In addition, 30% higher 70 

yield was assumed in the second and subsequent harvests. The lower yield expectation in the first 71 

harvest is because a significant amount of the plant’s resources are used for the development of a 72 

root system during early establishment, rather than volumetric stem growth [14]. Based on the 73 

adjustments, the final mean yield used for this study was 21.37 dry ton/ha in the first harvest and 74 

27.79 dry ton/ha from the second harvest.  75 

2.1.1.2 Power plant biomass demand and poplar land area needed  76 

Our calculations assume a 50-MW biopower plant with a biomass bubbling fluidized bed 77 

(BBFB) boiler and a steam turbine engine [11]. Based on the required heat rate (14.2 MJ/kWh) at 78 

60% of full capacity for a biopower plant and poplar energy content (high heating value 19.3 79 

MJ/dry kg), the annual average biomass need was estimated to be 193,842 dry tons.  80 

Given this estimate of biomass quantity, it is possible to estimate the size of the poplar 81 

plantation required to meet this need. Due to the unavoidable uncertainty in yield, the harvested 82 

biomass may be insufficient in some years, if the calculated land area was the minimum needed 83 

to meet the annual biomass demand of the power plant. Insufficient biomass production could 84 

result in a significant loss because an idle power plant will not be recovering its high capital 85 

investment. To minimize the risk of biomass shortage, we could apply a conservative production 86 
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design by purposely allocating a larger land area to produce more biomass than is needed by the 87 

power plant. However, excessive production can also harm the system economics if the surplus 88 

of poplar chips are not sold. Given these economic tradeoffs, we used @Risk Optimizer [15] to 89 

find the optimal biomass production that would lead to the lowest system break-even price. With 90 

@Risk Optimizer software, the selected variables are optimized to satisfy the optimization goal 91 

(e.g., minimum, maximum or target value) while accounting for uncertainty parameters based on 92 

a Monte Carlo simulation. During this numerical optimization, each trial improves the model 93 

solution by changing the combination of optimization variables to achieve the target goal. The 94 

obtained optimization production level was 0.83% higher than the biomass demand of the power 95 

plant. Therefore, the poplar plantation must be large enough to produce 195,447 dry tons on 96 

average. Occasional shortfalls in wood chips would be made up through market purchases.  97 

To provide this quantity annually, 7,815 ha are needed. Because of the length of the 98 

harvesting cycle, this land area can only produce sufficient biomass every three years. In other 99 

words, to produce sufficient biomass annually, three fields need to be operated simultaneously, 100 

with one-third of the trees being harvested at one-year intervals. Therefore, the total land area 101 

needed is 23,446 ha. 102 

2.1.1.3 System operation timeframe 103 

Another key issue for seamless system operation is to produce biomass annually for the 48-104 

year life expectancy of the biopower plant. Because we only expect eight three-year harvesting 105 

cycles from the first poplar planting (to year 24), a second planting will be needed. To have 106 

uninterrupted biomass production, there needs to be an overlap between the establishment of the 107 

second planting site and the final harvest on the first planting site (see SOM 1).  108 

 109 

2.1.2 Biomass production costs 110 

Given the large scale of the poplar plantations, it is imperative to have efficient field design 111 

to minimize biomass production costs. It is also important to account for all machinery, labor, 112 

and material costs associated with plantation establishment and harvesting. The needed 113 

machinery includes: a tractor attached to a planter and a refrigerated truck for the planting 114 

activity; a harvester and collection vehicle (tractor and wagon set) for harvesting; and a truck for 115 

transporting the biomass [16]. The amount of equipment needed to complete the field work in a 116 

timely manner is based on machine operation capacities, which are shown in Table 1. 117 



6 
 

 
 

 118 

Table 1 Poplar field operation configuration.  119 

Activity Value Unit Reference 

Planting time 3 months/year Assumption 

Planter speed 0.8 hour/ha [17] 

Planting equipment 10 planters/year Poplar model calculation 

Harvesting time 10 months/year Assumption 

Harvester operation rate 0.6 hour/ha [18] 

Harvester equipment  3 harvester/year Poplar model calculation 

Collector equipment 9 collector/year Poplar model calculation 

Transport distance 21.2 km Author calculated 

 120 

Certain assumptions regarding plantation-maintenance practices were made to provide sufficient 121 

nutrients for the poplar trees (Table 2). In the SWPAC field study, the effects of fertilization and 122 

irrigation were not quantified [19]. However, fertilizer applications were planned for the current 123 

study because nutrients will likely become limiting, considering the high planting density and 124 

harvesting frequency. 125 

 126 

Table 2 Plantation maintenance assumptions. 127 

Activity Value used Unit Reference 

Planting density 18,000 stems/ha [20,21] 

Vegetative propagule Yes  [21] 

Fertilization application1 Yes  [22] 

� Nitrogen 20 kg/ha [22] 

� Phosphoric acid 6 kg/ha [22] 

� Potassium oxide 5.3 kg/ha [22] 

Herbicide Yes   

� Pre-plant herbicide2: glyphosate 4.7 liter/ha Calculated 

� Post-plant3/post-harvesting4 

herbicide: glyphosate 
2.3 liter/ha Calculated 

� Post-plant3/post-harvesting4 

herbicide: Goal® 2XL 
5.9 liter/ha Calculated 
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Insecticide5 Yes   

� Sevin® XLR plus 3.5  liter/ha Calculated 

Irrigation No   
1Fertilization is applied in the year after planting and every harvest year.  128 
2Pre-planting herbicide is applied one year earlier than planting. 129 
3Post-planting herbicide is applied for two consecutive years after planting 130 
4Post-harvesting herbicide is applied in the year following each harvest. 131 
5Insecticide is applied in the year after planting and one year before each harvest. 132 

 133 

Average cost parameters for poplar cultivations are shown in Table 3.  Additional details for 134 

each category are documented in SOM 2. All costs needed for field operations were obtained 135 

from the relevant literature and converted to 2016 dollars. The plantation maintenance 136 

parameters (e.g. fertilizer, herbicide, etc.) were calculated using the retail price of the products 137 

specified. These parameters were inserted into an Excel spreadsheet that is part of our poplar 138 

economic model. 139 

Table 3 Input cost parameters for poplar biomass production. 140 

Type Parameters Value Unit 

Planting Land/Administration 342 $/ha 

 

Site management  366 $/ha 

Equipment per hectare costs 116 $/ha 

Labor per hectare costs 67 $/ha 

Harvesting 
Equipment per hectare costs 464 $/ha 

Labor per hectare costs 108 $/ha 

Transportation 
Equipment per hectare costs 66 $/ha 

Labor per hectare costs 95 $/ha 

      141 

2.1.3 Power plant operation  142 

The assumed 50-MW biopower plant uses BBFB direct (100% biomass) combustion 143 

technology. This is a mature technology which has been used successfully in numerous 144 

commercial-scale operations [23]. Table 4 illustrates a summary of technical properties and 145 

assumptions.  146 

 147 
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Table 4 Biopower plant technical assumptions. 148 

Cost types Value Unit Reference 

Feedstock throughput 193,842 dry ton/year Calculated 

Electricity generation 262,800 MWh/year Calculated 

Heat rate 14.2 MJ/kWh [11] 

Capacity 50 MW [11] 

Capacity factor1 60 % Author determined 

Full capacity operation 8,760 hours/year Author determined 

Construction time 3 years Author determined 

Plant lifetime 48 years Author determined 

Startup period 0.5  years [24] 

Startup production rate 50 % [24] 

Startup variable expense 75 % [24] 

Startup fixed expense 100 % [24] 
1Capacity factor means that we assume the plant would operate at 60% of its rated capacity on 149 
average. This value is typical for plants of this type. 150 

 151 

Indiana-adjusted capital and operating costs (non-fuel) for this type of facility were obtained 152 

from the DOE [11]. The biomass purchase costs were obtained from the poplar model’s estimate 153 

of the poplar growers’ break-even price, which includes a 10% markup on total costs, to provide 154 

a profit for the grower. Table 5 presents a breakdown of the power-plant costs. The capital costs 155 

were spread over the three years of construction (8%, 60%, and 32%, respectively). As the only 156 

product, electricity was assumed to be sold to Indiana power grid at the wholesale electricity 157 

market price.   158 

Table 5 Biopower plant economic parameters. 159 

Cost types $ in 2016 Unit Reference 

Total project capital investment 242.3 $M [11] 

Fixed operating costs 110 $/kw/year [11] 

Variable operating costs (non-fuel) 4.2 $/MWh [11] 

Biomass purchase price (poplar)  138 $/dry ton Poplar model calculated 

Electricity price 3.674 Cents/kWh [25] 

 160 
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2.1.4 Stochastic parameters  161 

Due to the uncertainties inherent in biomass production and energy markets, we chose to do 162 

the analysis stochastically to incorporate this uncertainty in the key input parameters [24]. 163 

Among various metrics commonly used for the project evaluation, such as net present value 164 

(NPV) and internal rate of return (IRR), we focused on break-even price because new renewable 165 

projects (e.g. a biopower plant) tend to have negative profitability, due to the low cost of fossil 166 

fuels. In addition, break-even price delivers useful information to investors by showing the 167 

product price needed to recover production costs. Also known as the minimum selling price, the 168 

break-even price is the output price at which total revenues are equal to total expenses; it is 169 

calculated as the output price at which NPV for net benefits of the entire system is zero [24]. Eq. 170 

1 represents the NPV formula used to calculate total net benefits. 171 

��� = � �� ∗ ��
	1 + �
� −

�

���
� ��

	1 + �
�
�

���
 Eq. 1 

where �� is the output quantity at time t,	�� is the output price at time t, �� is the cost at time t, 172 

and r is the discount rate [24]. The first term refers to NPV of total benefits and the second term 173 

refers to NPV of total costs. By setting this to zero, we can derive an expression for the break-174 

even price (Eq. 2) [24]. 175 

���������	�����	��
 =
∑ ��	1 + �
�����

∑ ��	1 + �
�����
 Eq. 2  

 We calculated the break-even price using an add-in from the software @Risk add-in [15]. 176 

 Moreover, the main output of this study, is the development of a break-even price 177 

distribution, instead of generating one break-even price for the system. This is because the break-178 

even price distribution incorporates various uncertainties attached to the new system, thus 179 

increasing the usefulness of the project [24]. We applied Monte-Carlo stochastic analysis method 180 

with a large number of iterations (1,000 in our study) to generate this distribution by obtaining 181 

the break-even price with each iteration. For this simulation, we selected three stochastic 182 

parameters to impose variance on data. The parameters were chosen because they influence 183 

system economics, they are uncertain, and data were available. They included biomass yield, 184 

moisture content, and planting cost. The distribution of yield and moisture content was based on 185 

the SWPAC field data and commercial poplar production data [18]. To avoid extreme values in 186 
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simulations, the yield distribution used a PERT distribution based on the truncated original 187 

distribution at a 5% significance level. We also incorporated increasing yield uncertainty for 188 

harvests after the second one. In the literature, no consensus exists for predicting yield, as 189 

harvests occur multiple times. Some studies found an increasing yield pattern after the second 190 

harvest  [10,26,27], whereas others showed a decreasing yield [9,28]. To incorporate the 191 

unpredictability of SRC yield pattern in rotations, we used an increasing uncertainty by assuming 192 

a yield standard deviation increasing by 3% for each harvest after the first two harvests. Moisture 193 

content distribution was bounded at 5% and 95% of the normal distribution. Due to the 194 

unavailability of distribution of real markets, planting costs were assumed to vary following a 195 

PERT distribution  (minimum of 70%, most likely 105%, maximum of 130%) [29]. Table 6 196 

shows the final distribution sets for these three parameters. 197 

 198 

Table 6 Distribution of the stochastic parameters. 199 

Stochastic parameter 
Lower 
bound 

Mean  
Upper 
bound 

Distribution 

Poplar yield 
 (unit: dry ton/ha)  

1st cut  16.01   21.37   26.73  PERT 
2nd cut  20.81   27.79   34.75  PERT 
3rd cut  20.59   27.79   34.96  PERT 
4th cut  20.38   27.79   35.18  PERT 
5th cut  20.17   27.79   35.39  PERT 
6th cut  19.92   27.79   35.62  PERT 
7th cut  19.69   27.79   35.85  PERT 

8th cut  19.46   27.79   36.09  PERT 
Poplar moisture content (unit: %) 

 
 50.98 54.60 58.22 Normal 

Planting costs (unit: %)  70 105 130 PERT 
 200 

2.1.5 Economic and financing assumptions 201 

Similar economic and financing assumptions were used for the poplar plantation and power 202 

generation, as shown in Table 7. Income from the power plant operation was taxed, but the firm 203 

could make use of tax credits when the taxable income is negative. Taxes were not applied for 204 

the poplar plantation because agricultural tax rates are quite low, and sensitivity analysis showed 205 

it would not affect our results. 206 

 207 
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Table 7 Economic model assumptions. 208 

Parameters Value Unit 

Real discount rate 10 % 

Inflation rate 2 % 

Equity 60 % 

Loan 40 % 

Loan term  10 years 

Loan interest rate 8 % 

Income tax1 19.6 % 

Depreciation term1 7 years 

Depreciation method Doubling declining balance  
1Loan interest payment and depreciation are exempted from taxable income estimation. 209 

   210 

2.2 GWP emission analysis 211 

Life-cycle assessment is a quantification method for evaluating environmental emissions, 212 

which tracks emissions of the entire energy system. This method is frequently used to evaluate 213 

the environmental performance of renewable technologies compared to conventional fossil 214 

technologies. In this study, we conducted LCA analysis of poplar-fed direct biopower system by 215 

focusing on GWP emissions, which were calculated as carbon dioxide equivalent (CO2 eq.) 216 

accounted for three types of GHGs: CO2, methane (CH4), and nitrous oxide (N2O). We identified 217 

three main sources of emissions in this biopower-plant system: 1) poplar cultivation emissions, 2) 218 

biogenic emissions sequestration, and 3) power plant operating emissions. The first and third 219 

emissions are always positive amounts, whereas the second emission captures emission-220 

reduction effects, due to carbon-sequestration. The following three sections describe each 221 

process.  222 

 223 

2.2.1 Poplar cultivation GWP emission 224 

GWP emissions associated with poplar cultivation are applied to the poplar-production 225 

process. Table 8 summarizes the input material types and application quantities used, which are 226 

needed to estimate poplar-production emissions. Readers can find more information on farm 227 

input uses in SOM 3. 228 

 229 

 230 
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Table 8 Poplar plantation resource consumption. 231 

Input materials Value Unit 

Diesel use for cutting production 1.20  MJ/dry ton of poplar 
Fertilizer 31.3 kg/ha 
Herbicide 12.9 liter/ha 
Insecticide 3.5 liter/ha 
Diesel for farming activity 402.8 liter/ha 
Diesel use for transport 40.1 liter/ha 

 232 

 233 

To estimate the emission coefficients corresponding to our poplar field’s input applications, 234 

we used the 2017 Greenhouse Gases, Regulated Emission, and Energy Use in Transportation 235 

(GREET) database developed by Argonne National Laboratory. The emission coefficients 236 

obtained for each plantation activity are shown in Table 9. It should be noted that these 237 

emissions are released in different years and are based on the frequency and timing of each 238 

activity. Therefore, we developed the LCA model in an Excel spreadsheet to keep track of the 239 

emissions on a yearly basis. We computed a carbon-emission rate of 81 g CO2 eq/kWh using the 240 

NPV approach, accounting for the discounting factor of yearly emissions (Eq. 3). 241 

���  �!�	��� = � 	"
�
	1 + �
�

�

���
 Eq. 3 

where t denotes time period, n is maximum plant life (n=51) in this study, r is a discount 242 

factor (r=0.06%), and		"
� is a future value at time t, respectively. We first calculated NPV of 243 

total GWP emissions (during poplar production) and NPV of the total electricity produced 244 

separately. Discounting both power and emissions was necessary to obtain the total emissions 245 

per unit of power produced, because both emissions and power varied over time. Finally, the 246 

NPV of total GWPemissions  was divided by NPV of the total electricity to obtain the carbon-247 

emission rate for the power generated using the poplar biopower system, (units: g CO2 eq/kWh).   248 

���  �!�	���	��#�! =
∑ 	$%�	���  �!�
�	1 + �
�����

∑ 	�!&��	'�����#�!�
�	1 + �
�����
 Eq. 4  

 249 

  250 
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Table 9 Poplar production emission coefficients. 251 

 
CO2 CH4 N2O CO2 eq. total1  Unit 

Soil preparation  420.67   0.79   0.01   443.17  kg/dry ton poplar 

Establishment  54.05   0.11   0.00   57.02  kg/dry ton poplar 

After planting  73.14   0.15   0.06   94.04  kg/dry ton poplar 

Harvesting  78.16   0.15   0.06   99.14  kg/dry ton poplar 

After harvesting  50.00   0.09   0.00   52.55  kg/dry ton poplar 

Pre-harvesting  20.53   0.04   0.00   21.66  kg/dry ton poplar 

Site clearance  127.68   0.28   0.00   135.28  kg/dry ton poplar 
1CO2 eq. are calculated using GWP of CO2, CH4 (GWP 25), and N2O (GWP 298). 252 
 253 

2.2.2 Biopower plant emissions  254 

As the only GHG emitted from power plant operations, CO2 emissions were expected to be 255 

0.084 kg/MJ [11]. In our LCA model, this emission rate was also converted to the discounted 256 

total emission based on the same NPV method used to estimate the poplar emissions rate. The 257 

estimated emission rate from the biopower stationary source was 302 g CO2 eq/kWh. 258 

 259 

2.2.3 Poplar biogenic carbon emission  260 

Poplar carbon sequestration emission effects were quantified in GREET for a biofuel refinery 261 

utilizing poplar feedstock [22]. We calibrated this coefficient to obtain an adjusted biogenic 262 

emissions coefficient. The two steps described below explain the calibration process in detail.  263 

2.2.3.1 Calibrating GREET biogenic carbon emission coefficient  264 

Based on GREET, the biogenic CO2 equivalent of poplar plantation was -1.59 kg CO2 eq/kWh. 265 

The technical assumptions used to generate this estimate are summarized in SOM 4. Based on 266 

these parameters, the GREET poplar biogenic emissions were converted to biogenic CO2 eq 267 

emissions per poplar weight. In order to do so, we first calibrated the electricity generation ratio 268 

per ton of poplar biomass using boiler heat efficiency and poplar energy content, which was 269 

1,129 kWh per dry ton of poplar. The equations used for the unit conversion process are 270 

documented in SOM 4. Using this input-output ratio, the GREET value of poplar biogenic 271 

emissions can be expressed in terms of kg CO2 eq. per dry ton of poplar biomass. This biogenic 272 

emission is the absolute amount of CO2 that is sequestrated per dry ton of poplar biomass. Thus, 273 

the same biogenic CO2 emissions are expected to be present in the poplar plantations of this 274 
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biopower technology. Through this calibration process, we obtained 1,795.1 (kg CO2 eq/dry ton) 275 

as the poplar life cycle CO2 eq emission rate (see SOM 4). 276 

2.2.3.2 Estimating our study-specific poplar coefficient 277 

We calculated our study’s CO2 biogenic emissions by incorporating Indiana poplar yield and 278 

power generation. The poplar plantations for this biopower system are expected to sequester 279 

16.63 tons of CO2 eq per ha per year (see SOM 4). Based on this emission rate, the biogenic 280 

emission was also discounted in the same manner (NPV approach) used to calculate emission 281 

rates for poplar production and power generation in the LCA model. As a result, the biogenic 282 

emission was estimated to be -1.52 g CO2 eq/kWh. 283 

 284 

3. Results 285 

3.1 Techno-economic results  286 

We developed a programming language in which stochastic simulation using an @Risk add-287 

in [15] could interact with a Microsoft Excel macro function (see [24] for details). The 288 

simulation results, distribution of poplar sales prices, and system break-even prices, are 289 

presented in Figures 1 and 2. The mean poplar biomass price is $137.9/dry ton, with a standard 290 

deviation of $3.3/dry ton, and the mean system break-even price is 21.5 cents/kWh, with a 291 

standard deviation of 0.19 cents/kWh. This system’s break-even price is approximately six times 292 

higher than the wholesale electricity price in Indiana (3.674 cents/kWh), revealing that a 293 

biopower plant of this type is not economically viable in the Indiana power market without 294 

policy intervention.  295 

 296 
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 297 

Figure 1 Poplar contract price stochastic distribution. 298 

 299 

 300 

Figure 2 System breakeven price stochastic distribution 301 

 302 

3.2 GWP emission model results  303 

3.2.1 Net CO2 eq. emission coefficient   304 
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The net CO2 eq. emissions were estimated by summing all emissions from the field where 305 

poplar is grown to the stack of the power plant. Two sources of positive emissions (from the 306 

poplar planation and the power plant operation) and one source of negative emissions (the 307 

poplar’s biogenic emissions) were included resulting in the expected net CO2 eq. emissions as -308 

1.14kg CO eq./kWh. 309 

 310 

3.2.2 Emission analysis scenarios 311 

In addition to this traditional LCA method, the practice of carbon neutrality was analyzed to 312 

examine a tentative renewable energy policy announced by the U.S. EPA [30]. In April 2018, the 313 

EPA declared its intent to have neutral CO2 emissions from stationary sources using forest 314 

biomass for energy production [30]. The carbon neutrality implies that the biomass biogenic 315 

carbon emissions completely offset other emissions associated with the production and use of 316 

biomass at the power plant so that the net is zero [30]. Figure 3 compares the negative net carbon 317 

emission based on LCA analysis (-1.14 kg CO2 eq/kWh) with zero net emissions assuming 318 

carbon neutrality.  319 

 320 

 321 

 322 

 323 
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 324 

3.2.2.1 Carbon tax policy 325 

The negative net emissions of the biopower plant using SRC poplar indicates its potential as 326 

a renewable power source. However, the economic infeasibility is a significant impediment in 327 

the Indiana power market, and the pathway, therefore, requires government support in some form 328 

if it is to be commercially viable. A carbon tax can be considered to play this role because a 329 

sufficiently high price of carbon could result in this renewable power having the same economic 330 

feasibility as fossil fuel-derived power. To quantify the optimal carbon tax rate, we first assessed 331 

the current carbon emissions of the Indiana power industry.   332 

3.2.2.2 Indiana electricity sector 333 

For the emission assessment of the power sector, identifying heterogeneous emission rates 334 

across energy-generating units (EGU) is important because emissions from producing one kWh 335 

vary depending on the fuels types and generating technology (e.g. prime mover). In 2017, the 336 

Indiana power sector was comprised of 27 sub-categories of EGU (the combination of 15 fuel 337 
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types and 9 prime mover types). Each categorized group was assigned the emission factor (g CO2 338 

/kWh) based on the pathway used [31]. Figure 4 illustrates the different emission rates and 339 

generation level of 2017 Indiana EGU (details are provided in SOM 6).  340 

 341 

 342 

Figure 4 Emission and generation of energy generating units in Indiana (2017). 343 

 344 

3.2.2.3 Carbon tax estimation 345 

In an analysis of carbon tax impacts on Indiana electricity prices, we made two assumptions. 346 

First, energy substitutions in going from a carbon-intensive fuel to a less carbon-intensive fuel 347 

are not considered. Second, the total electricity generation levels in 2017 are fixed. We recognize 348 

neither of these assumptions may be valid over the long run, but power-plant configuration and 349 

demand adjustments take time, so we believe the assumptions permit an approximation of what 350 

the tax would need to be. Two consequences are expected if carbon taxes are imposed. First, the 351 

Indiana electricity price would increase, due to the carbon-emitting EGU system in Indiana. 352 

Second, the biopower plant can either lower the break-even price with the carbon tax credits (if 353 

the negative net emissions are considered) or be unaffected at all (if it is treated as carbon 354 

neutral).  355 

To estimate the increased electricity price, we estimated the total carbon tax from each EGU 356 

in Indiana using the emissions rates and generation levels shown in Figure 4. Given the 357 

 -

 1,00,00,000

 2,00,00,000

 3,00,00,000

 4,00,00,000

 5,00,00,000

 6,00,00,000

 7,00,00,000

 8,00,00,000

 -

 200

 400

 600

 800

 1,000

 1,200

 1,400

 1,600

 1,800

 2,000

E
le

ct
ri

ci
ty

 g
e

n
e

ra
te

d
 (

M
W

h
)

T
h

e
 C

O
2

 e
q

. 
e

m
is

si
o

n
 r

a
te

 (
g

/k
W

h
)

Average of CO2 eq (g/kWh) Generation (MWh)



19 
 

 
 

assumption that the increased fossil generation costs due to the carbon tax will all be passed on 358 

to consumers, the increments in the electricity price were calculated by aggregating the total 359 

carbon tax amounts and dividing it by the total electricity generated in Indiana. The new 360 

electricity sales price then was the addition of the current wholesale electricity price and the 361 

carbon tax-induced price increments. A higher tax implies a higher electricity price.  362 

The appropriate carbon tax can be found at the intersection where the line representing the 363 

biopower system can break-even price crosses the new wholesale electricity price (Figure 5). If 364 

the poplar biopower plant is treated as a carbon sink, based on its negative emissions, a carbon 365 

tax of $93.5/ton CO2 eq makes this system economically feasible. However, if the biopower plant 366 

is treated as carbon neutral, a much higher carbon tax ($213.4/ton CO2 eq) is required.  367 

  368 
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Figure 5 Carbon tax making biopower plant feasible. 

 

 

3.2.2.4 The implication of the estimated carbon tax 369 

There are many studies that have quantified a carbon tax, but they show large variability in 370 

the carbon tax price, depending on the study assumptions and methods. For example, an 371 

interagency working group of the U.S. government quantified the social carbon costs of $45 per 372 

ton CO2 eq by accounting for its monetized damages [32]. In other studies, much higher carbon 373 

taxes were estimated to be needed to achieve some environmental goals. For example, a carbon 374 

tax of $150/ton CO2 eq would be needed to meet the 50% emissions reduction target of the Paris 375 



21 
 

 
 

Accord[33]. Kim et al. found that the carbon tax up to $375/ton CO2 eq would be required to 376 

achieve a 550-ppmv emission scenario [34] and $160/ton CO2 eq tax is estimated for reducing 377 

GHG emissions and increasing energy security [35]. Given the various carbon valuations, the 378 

biopower plant project’s viability will depend upon the carbon tax rate chosen by policymakers. 379 

It will be feasible only if the carbon tax is imposed above what is estimated for this biopower 380 

plant. 381 

 382 

4. Discussion 383 

4.1 Sensitivity analysis  384 

The large scale of the plantation for this system implies a high likelihood of variable land 385 

quality. To explore the sensitivity of the analysis result to different land types, we defined three 386 

types of land, based on productivity and rent cost: excellent, average, and poor land. The yield 387 

data employed in this study (average land) was used to approximate the yield of excellent and 388 

poor land yield based on the coefficient of variance from [18]. Table 10 shows that the low yield 389 

of poor land required larger land area than excellent land to produce the same amount of biomass, 390 

but the rent for the poor land was cheaper [36]. For the stochastic analysis, a PERT distribution 391 

was used for the yield of excellent and poor land similar to the stochastic analysis of average 392 

land in section 2.1.4 (see SOM 7). 393 

 394 

Table 10 The mean of poplar yield of three land types.  395 

 Yield mean  Needed land area Land costs 

Excellent land 43.71 dry ton/ha 4,968 ha $593/ha 

Average land 27.79 dry ton/ha 7,815 ha $330/ha 

Poor land 18.97 dry ton/ha 11,448 ha $67/ha 

 396 

From the Monte-Carlo simulation, the mean and standard deviation of system break-even 397 

price was 20.2 cents/kWh and 0.26 cents/kWh for poor land, 21.5 cents/kWh and 0.19 398 

cents/kWh for average land, and 20.4 cents/kWh and 0.12 cents/kWh for excellent land. Our t-399 

test results suggest that these all were statistically different at a 95% confidence level. As 400 

expected, the poor land has the largest standard deviation, whereas excellent land has the 401 

smallest (Figure 6). In other words, higher risks will be attached to the poor land and lower risks 402 
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for the excellent land. Although the mean break-even price was the lowest using poor land, the 403 

comparison of break-even price itself must be of limited value because the land-rent data were 404 

only estimates. With different rent value, the ranks can always vary. Thus, the differences are 405 

statistically significant, but not economically significant. 406 

 407 

 408 

Figure 6 System break-even price distribution of land types. 409 

 410 

4.2 The sensitivity of carbon effects 411 

The GHG-reduction effect of the same biopower plant pathway can vary, depending on the 412 

planting circumstances, because the life cycle net emissions will depend on the initial soil carbon 413 

stock. If poplar trees are planted on land which was previously a high carbon sink (e.g. 414 

grassland), the biopower plant’s emission reduction effect is smaller than if the land had low soil 415 

organic carbon stocks (e.g. cropland). Figure 7 illustrates this biopower plant’s environmental 416 

effect in comparison with two contrasting cases (case 1: grassland and coal-power plant, and 417 

case 2: cropland and coal-power plant). The soil organic accumulation rate of grassland (332 418 

kg/ha/year) and cropland (200 kg/ha/year) were used as a proxy of biogenic emissions for each 419 

land type by referring to [37] and [38], respectively. The SRC poplar biopower plant had a 420 

greater GHG reduction effect relative to either fossil-energy alternative.  421 
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 422 

Figure 7 Environmental effect sensitivity analysis 423 

 424 

In Indiana, low-value land is usually pastured grassland, whereas high-value land is used for 425 

growing crops. Given this land-use pattern, we expect higher soil organic carbon stocks in the 426 

poor land than for excellent land. Therefore, using excellent land for poplar plantations is 427 

expected to have higher environmental benefits than poor land. In conjunction with our finding 428 

that excellent land mitigates the risks, high GHG-reduction effects can also be expected when 429 

using excellent land.  430 

 431 

5. Conclusions 432 

As the availability of a reliable source of feedstock appears to be the key element for the 433 

successful biopower plant operation, SRC poplar is gaining attention as promising choice, due to 434 

its rapid growth, but there exist policy-driven debates over whether a biopower plant should be 435 

considered to be a renewable source of energy. In other words, it is still uncertain whether a 436 

biopower plantwould reduce or increase net carbon emissions, hence the need for LCA analysis 437 

of a system that includes biomass production. This work attempted to answer these questions by 438 

presenting the economic feasibility and CO2 eq. emission-reduction potential of an SRC poplar-439 

fueled biopower pathway in Indiana.  440 

We found two pieces of evidence to support the conclusion that poplar biopower plant 441 

operation in Indiana is untenable. First, biopower plant is not economically feasible in the current 442 

Indiana power market because the estimated system break-even price (21.5 cents/kWh) is 443 
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approximately six times higher than the Indiana wholesale electricity price (3.67 cents/kWh). 444 

The main contributions to the high break-even price are the high upfront capital costs of 445 

biopower plant and biomass purchase costs (for details, see SOM 5). Although ownership of 446 

property for SRC poplar plantations helps to reduce biomass production costs by avoiding 447 

repeated field set-ups and replanting costs following harvest, biomass purchase costs are still the 448 

most costly expenses to a power generating plant. In addition, it may be infeasible to rely on 449 

poplar biomass as a feedstock for generating power in Indiana because vast acreage is needed to 450 

provide sufficient feedstock for a biopower plant. As a result, the land resource is likely to be a 451 

considerable limitation when using a biopower plant to substitute for a coal-fired power plant. In 452 

addition, this land-use change is not likely to occur because farmers tend to adhere to the 453 

conventional farming practices  with which they are most familiar. The land required for 454 

biopower plants to substitute for the nine coal-fired plants currently operating in southern 455 

Indiana (12,474 MW) would be 5,273,827 ha, which is equivalent to 89% of the total agricultural 456 

crop land available in Indiana. 457 

 Based on our LCA analysis, using an Indiana-based SRC poplar biopower plant as a 458 

renewable source of electricity would reduce GHG emissions substantially, compared to power 459 

plants dependent on fossil-fuels. Accordingly, this investment could be attractive from an 460 

environmental perspective. Although our economic findings have led us to conclude that a 461 

biopower plant is not realistic in Indiana, we see the potential of this system with a stringent 462 

environmental policy target. With a carbon tax above $93.5/ton CO2 eq, the biopower plant 463 

would be viable in Indiana. However, such a high carbon tax will only be implemented under an 464 

aggressive GHG emission-reduction target such as the one specified in the Paris Accord. If this 465 

were done, a biopower plant could be competitive with other renewable-energy technologies in 466 

Indiana. Compared to the most popular renewable energy sources in Indiana—wind and solar—467 

biopower generation is expected to be less sensitive to weather1. In other words, a reliable 468 

uninterrupted renewable power source has higher value because its grid-integration costs are 469 

much lower. However, further analysis by comparing poplar-based power with interruptible 470 

wind and solar power is beyond the scope of this study. 471 

                                                 
1 For this reason, biopower plant has a higher capacity factor than other renewable power plant (Biomass including 
wood:55.6%, conventional hydropower : 38.2%, wind: 34.5%, solar photovoltaic: 25.1%) [39]  
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Finally, it is clear that carbon-policy design will greatly affect the economic feasibility of 472 

this system. If carbon policy accounts for the carbon sequestration effect of SRC poplar 473 

plantations, a carbon tax could be as low as $93.5/ton CO2. However, if the policy applies a 474 

uniform zero-emission rule to a biopower pathway, regardless of feedstock type, then a much 475 

higher carbon tax ($213.4/ton CO2) would be required to make a poplar-fed power plant 476 

economically competitive with the current fossil fuel-based electricity generation. We do not 477 

anticipate any unintended economic impacts resulting from a high carbon tax, as proposed above; 478 

however, further study is needed to explore the social welfare effects of an electricity price 479 

change that could be driven by a carbon tax.   480 

 481 

 482 
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commercial, or not-for-profit sectors. It was underwritten by an account associated with the 484 

James and Lois Ackerman Chair, which was formerly held by Dr. Wallace (“Wally”) E. Tyner, 485 

who tragically passed away on 17 August 2019. This article is dedicated to his memory. Wally is 486 

and will continue to be sorely missed by those of us who had the pleasure and honor of knowing 487 

and working with him.  488 



26 
 

26 
 

[1] A. Kumar, P. Flynn, S. Sokhansanj, Biopower generation from mountain pine infested 

wood in Canada: An economical opportunity for greenhouse gas mitigation, Renew. 

Energy. 33 (2008) pp.1354-1363. 

[2] R.W. Matthews, Modelling of energy and carbon budgets of wood fuel coppice systems, 

Biomass Bioenergy. 21 (2001) pp.1-19.  

[3] S. Lettens, B. Muys, R. Ceulemans, E. Moons, J. Garcia, P. Coppin, Energy budget and 

greenhouse gas balance evaluation of sustainable coppice systems for electricity 

production, Biomass and Bioenergy. 24 (2003) pp.179-197.  

[4] I. Dimitriou, I. Eleftheriadis, S. Hinterreiter, D. Lazdina, I. Dzene, Ž. Fištrek et al., SRC 

production in Croatia, Czech Republic, France, Germany, Greece, Latvia and Macedonia,  

SRCplus project (IEE/13/574) report to European Commission, 2014.  

[5] N.J. Sleight, T.A. Volk, G.A. Johnson, M.H. Eisenbies, S. Shi, E.S. Fabio, P.S. Pooler, 

Change in Yield between first and second rotations in willow (Salix spp.) biomass crops is 

strongly related to the level of first rotation yield, Bioenergy Res. 9 (2016) pp.270-287.  

[6] M. Liesebach, G. Von Wuehlisch, H.J. Muhs, Aspen for short-rotation coppice plantations 

on agricultural sites in Germany: Effects of spacing and rotation time on growth and 

biomass production of aspen progenies, For. Ecol. Manage. 121 (1999) pp.25-39.  

[7] P. Paris, L. Mareschi, M. Sabatti, A. Pisanelli, A. Ecosse, F. Nardin, G. 

ScarasciaMugnozza, Comparing hybrid Populus clones for SRF across northern Italy after 

two biennial rotations: Survival, growth and yield, Biomass and Bioenergy. 35 (2011) 

pp.1524-1532.  

[8] Z. Wang, D.W. MacFarlane, Evaluating the biomass production of coppiced willow and 

poplar clones in Michigan, USA, over multiple rotations and different growing conditions, 

Biomass and Bioenergy. 46 (2012) pp.380-388. 

[9] N. Nassi O Di Nasso, W. Guidi, G. Ragaglini, C. Tozzini, E. Bonari, Biomass production 

and energy balance of a 12-year-old short-rotation coppice poplar stand under different 

cutting cycles, Glob. Chang. Biol. Bioenergy. 2 (2010) pp.89-97.  

[10] L. Van Damme, Poplars under a short rotation coppice regime, Ghent University, Master 

thesis, 2017.  

[11] Energy Information Administration, Capital cost estimates for utility scale electricity 

generating plants, United States Departmnet of Energy, 2016. 



27 
 

27 
 

[12] A.N. Kravchenko, S.S. Snapp, G.P. Robertson, Field-scale experiments reveal persistent 

yield gaps in low-input and organic cropping systems, Proc. Natl. Acad. Sci. 114 (2017) 

pp.926-931. 

[13] D.B. Lobell, K.G. Cassman, C.B. Field, crop yield gaps: their importance, magnitudes, 

and causes, Annu. Rev. Environ. Resour. 34 (2009) pp.179-204.  

[14] M.S. Verlinden, L.S. Broeckx, R. Ceulemans, First vs. second rotation of a poplar short 

rotation coppice: Above-ground biomass productivity and shoot dynamics, Biomass and 

Bioenergy. 73 (2015) pp.174-185.  

[15] @Riskoptimizer. https://www.palisade.com/riskoptimizer/  

[16] EcoWillow 2.0- Economic analysis of willow bioenergy crops, State University of New 

York College of Environmental Science and Forestry, 2018. 

[17] L.P. Abrahamson, T.A. Volk, L.B. Smart, K.D.Cameron, Shrub Willow Biomass 

Producer's Handbook, State University of New York College of Environmental Science 

and Forestry, 2017.  

[18] J. Young, Short rotation coppice hybrid poplar research paper, Purdue University, 

Unpublished master thesis, 2016.  

[19] R. Meilan, SRC poplar field study data in Southern Indiana, Purdue University, 

Unpublished raw data available upon request, 2010.  

[20] M. Labrecque, T.I. Teodorescu, Field performance and biomass production of 12 willow 

and poplar clones in short-rotation coppice in southern Quebec (Canada), Biomass and 

Bioenergy. 29 (2005) pp.1-9.  

[21] A. Karp, I. Shield, Bioenergy from plants and the sustainable yield challenge, New Phytol. 

179 (2008) pp.15-32.  

[22] The Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation (GREET) 

Model (ver 2.7). https://greet.es.anl.gov/   

[23] Biopower technical strategy workshop summary report, United States Department of 

Energy, 2010.  

[24] X. Zhao, G. Yao, W.E. Tyner, Quantifying breakeven price distributions in stochastic 

techno-economic analysis, Appl. Energy. 183 (2016) pp.318-326. 

[25] Energy Information Administration, Wholesale Electricity and Natural Gas Market Data, 

United States Department of Energy,  2017.  



28 
 

28 
 

[26] T.A. Volk, L.P. Abrahamson, K.D. Cameron, P. Castellano, T. Corbin, E. Fabio et. al., 

Yields of willow biomass crops across a range of sites in North America, Asp. Appl. Biol. 

112 (2011) pp.67-74. 

[27] N.A. Afas, N. Marron, S. Van Dongen, I. Laureysens, R. Ceulemans, Dynamics of 

biomass production in a poplar coppice culture over three rotations (11 years), For. Ecol. 

Manage. 255 (2008) pp.1883-1891. 

[28] J.Y. Pontailler, R. Ceulemans, J. Guittet, Biomass yield of poplar after five 2-year coppice 

rotations, Forestry. 72 (1999) pp.157-163.  

[29] R.W. Bacon, J.E. Besant-Jones, Estimating construction costs and schedules, Energy 

Policy. 26 (1998) pp.317-333.  

[30] EPA’s treatment of biogenic carbon dioxide (CO2) emissions from stationary sources that 

use forest biomass for energy production, United States Environmental Protection Agency, 

2018.  

[31] H. Cai, M. Wang, A. Elgowainy, J. Han, Updated greenhouse gas and criteria air pollutant 

emission factors and their probability distribution functions for electric generating units, 

Argonne National Laboratory, 2012.  

[32] Technical support document : social cost of carbon for regulatory impact analysis under 

executive order 12866, United States Government, 2010.  

[33] L.M. Peña-Lévano, F. Taheripour, W.E. Tyner, Climate change interactions with 

agriculture, forestry sequestration, and food security, Environ. Resour. Econ. (2019) pp.1-

23.  

[34] S.H. Kim, J. Edmonds, J. Lurz, S.J. Smith, M. Wise, The ObjECTS framework for 

integrated assessment : hybrid modeling of transportation, Energy J. 27 (2006) pp.63-91. 

[35] K. Sarica, W.E. Tyner, Alternative policy impacts on US GHG emissions and energy 

security: A hybrid modeling approach, Energy Econ. 40 (2013) pp.40-50.  

[36] National Agricultural Statistics Services, United States Department of Agriculture, 2016.  

[37] W.M. Post, K.C. Kwon, Soil carbon sequestration and land-use change: processes and 

potential, Glob. Chang. Biol. 6 (2000) pp.317-327.  

[38] R. Lal, Soil carbon dynamics in cropland and rangeland, Environ. Pollut. 116 (2002) 

pp.353-362. 

[39]    Energy Information Administration, Electric Power Monthly, United States Departmnet of 



29 
 

29 
 

Energy, 2016. 

 



Highlights: 

• A SRC poplar fed Biopower plant is economically infeasible in Indiana.  
• With a carbon tax ($93.5/ton CO2 eq), it can be competitive in Indiana. 
• Large land area needed for poplar plantations impedes project viability.   
• Carbon sequestration leads to net emissions of -1.14 kg CO2 eq/kWh.   
• Slight over-producing biomass (0.83%) leads to the most favorable system economics.   

 

 
 


