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Abstract. Economic analysis and modeling are essential and important issues for the
development of current feedstock and process technology for bio-gasification. The objective of
this study was to develop an economic model and apply to predict the unit cost of syngas
production from a micro-scale bio-gasification facility. An economic model was programmed in
C++ computer programming language and developed using a parametric cost approach, which
included processes to calculate the total capital costs and the total operating costs. The model
used measured economic data from the bio-gasification facility at Mississippi State University.
The modeling results showed that the unit cost of syngas production was $1.217 for a 60 Nm™
h™ capacity bio-gasifier. The operating cost was the major part of the total production cost. The
equipment purchase cost and the labor cost were the largest part of the total capital cost and
the total operating cost, respectively. Sensitivity analysis indicated that labor costs rank the top
as followed by equipment cost, loan life, feedstock cost, interest rate, utility cost, and waste



treatment cost. The unit cost of syngas production increased with the increase of all parameters
with exception of loan life. The annual cost regarding equipment, labor, feedstock, waste
treatment, and utility cost showed a linear relationship with percent changes, while loan life and
annual interest rate showed a non-linear relationship. This study provides the useful information
for economic analysis and assessment of the syngas production using a modeling approach.
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Introduction

Biomass can be converted into useful forms of energy using a number of different processes.
Factors that influence the choice of conversion process are the type and quantity of biomass
feedstock, end-use requirements, environmental standards, economic conditions, and project
specific factors (McKendry, 2002). Recently, bio-gasification is one of the most commonly used
biomass conversion technologies, as the gases from bio-gasification are intermediates in the
high-efficient power production or the synthesis from chemicals and fuels (Boerrigter and
Rauch, 2006, Li et al., 2010). In the process of gasification, biomass feedstock is converted into
a synthetic gas (syngas) consisting primarily of hydrogen (H,) and carbon monoxide (CO), with
lesser amounts of carbon dioxide (CO,), water (H,O), methane (CH,4), and nitrogen (N,). The
produced syngas can be used for methanol and hydrogen production, each of which may have
a future as fuels for transportation as well as power generation (McKendry, 2002).

In order to understand the economic feasibility of a bio-gasification facility is a determination of
its production cost, which is a function of biomass feedstock, transportation, conversion,
conditioning of the produced syngas, other procurement, transaction, and opportunity costs
(Walsh, 1998; Wei et al., 2009a). There are significant differences in construction, installation,
and operating procedures for different types and scales of gasifiers, which will lead to
significantly different costs. No universal costing model to assess all bio-gasification projects
was actually available in the literature (Mitchell et al., 1995; Larson, 1998). A parametric-cost
model such as factored estimate is an extremely useful tool for preparing early conceptual
estimated when there are little technical data or engineering deliverables to provide a logical
and predictable correlation between the physical or functional characteristics of plant and its
resultant cost (Dysert, 2003). There are several studies performed to evaluate economics of bio-
gasification system (Mitchell et al., 1995; Craig and Mann, 1996; Dowaki et al., 2005; Jin et al.,
2009; Larson et al., 2003; Stassen and Knoef, 1995; Wei et al., 2010). Most of the previous
studies have concentrated on the economic analysis of electricity power production from
biomass since bio-gasification project have typically been developed to generate electrical
power. Research studies on economic analysis for syngas production from bio-gasification are
relatively few (Wei et al., 2009a; Li et al., 2010).

Some studies have assessed advantages of micro-scale or small-scale bio-gasification system
(Margo et al., 2009; Wei et al., 2009a). An economic model can be used to evaluate economic
feasibility and examination of the probable cost of syngas production. Modeling also offers the
possibility for quantitatively evaluating and comparing the economic feasibility under different
conditions and scenarios (Borjesson and Ahlgren, 2010). Thus the objective of this study is to
develop an economic model for evaluation and assessment of syngas production costs of
micro-scale syngas facility using a modeling approach.



Materials and Methods

A general procedure of the micro-scale bio-gasification facility is presented (Fig. 1), which

consists of three units: feedstock preparation, gasification, and syngas cleaning (Wei et al.,

2009a). The pilot micro-scale bio-gasification system was installed at the Mississippi State

University (MSU), Department of Agricultural and Biological Engineering’s Research Building in

2003. It was centered on an atmospheric, downdraft, and a fixed-bed gasifier system (BioMax

Renewable Fuel Gas Generator, Community Power Corporation (CPC) of Littleton, CO). The

full-load capacity of the gasifier system was designed by CPC to produce syngas at a 60 Nm®

h-! rate.
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Figure 1. Micro-scale bio-gasification system.



Syngas Production

Syngas production in the micro-scale gasification facility starts with the receipt of raw biomass

feedstock. In this study, the hardwood chips were used as raw biomass feedstock. These chips
were of red oak, with a length usually less than 75 mm (Wei et al., 2009b). The carbon content,
the nitrogen content, and the density of the used hardwood chips were 51% (wt), 0.3% (wt), and
0.2 g cm™, respectively (Wei et al., 2009b). Raw biomass feedstock for gasification may have
moisture content (MC, wet basis) ranging from 5% to 50%. Thus, some feedstock may need
sizing and/or drying. The prepared feedstock is then fed into the gasifier, the control system is
initialized, and an internal heater is turned on to warm up the system and then ignite the
feedstock. The heater takes 30 to 40 minutes to warm up the system. After the system warms
up to a set temperature, the heater is automatically turned off. At that point, the system is under
fully automated control for syngas production (Wei et al., 2009a; Wei et al., 2009b).

The feedstock loaded into the gasifier undergoes four stages of chemical reaction in the process
of being converted into syngas: drying, pyrolysis, oxidation, and reduction. The syngas
produced in this study from wood chip air gasification (air used as oxidant) with a downdraft
gasifier contained about 22% CO, 12% CO,, 3% CH,, and 18% H,, with the balance being H,O
and N, (Wei et al.,, 2009a; Wei et al., 2009b). In this study, the syngas was designhated for
fueling internal combustion engines in a CHP application. It was assumed that the syngas was
compressed in storage tanks or delivered directly to an engine or gas turbine for power
generation without those operations being considered in the study. More literature for this
section can be found in Wei et al (Wei et al., 2009a; Wei et al., 2010).

Economic Model Description

An economic model was developed using a C™* computer programming language, which was
based on several mathematical equations, calculations, and assumptions. The economic
evaluation of the bio-gasification system has been carried out on the basis of capital cost,
operating cost, and revenue from sale of the recovered heat. Total capital cost was calculated
by adding the fixed capital cost to the working capital cost. The fixed capital costs were
determined as the sum of direct project costs, indirect project costs, and other costs. Total
operating cost consisted of direct operating costs, fixed operating costs, and general expenses.
Total annual production cost was calculated by subtracting the by-product credit from the sum of
the total annual capital charge and the total annual operating costs. Finally, syngas production
unit cost was calculated by dividing the total annual production cost by the total annual syngas
yield. All the considered items and equations used to calculate the composition of production
costs are summarized in Table 1. Numerical values for such factors used in this study were
derived from other previous studies (Turton et al., 1998; Wei et al., 2009a; Choi et al. 2010).
Based on these calculations, All costs were adjusted to be in U.S. dollars, year 2008 basis.

The total capital costs have been evaluated as the sum of the fixed capital cost and the working
capital cost. A fixed capital cost represents all the costs associated with constructing a new
facility. It consists of three parts: the direct project cost, the indirect project cost, and other costs.
Total direct project costs include the equipment cost, materials required for installation, and all
labor costs associated with installing the equipment and materials.



The new equipment purchase cost of an existing similar facility can be calculated by the
relationship between the purchased cost and an attribute of the equipment related to units of
capacity (Turton et al., 1998; Wei et al., 2009a; Wei et al., 2010). The relationship is given by

AY .
3 :

where A is equipment cost attribute, C is purchased cost, n is costs exponent, a refers to
equipment with the required attribute, b refers to equipment with the base attribute. The
exponent value of 0.6 is often used for new micro-scale gasification facilities (Wei et al., 2009a;
Wei et al., 2010).

Other expenses, such as materials cost, building and construction costs, indirect project costs,
other costs, and working capital cost were calculated individually and multiplied by related
factors, as shown in Table 1.

I

Annual capital charge can be calculated using the following equation with a capital recovery
factor (Turton et al., 1998; Klonsky et al., 2009; Choi et al., 2010).
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where Cr¢ is the annual capital charge, Crc is the total capital cost, i is the interest rate, and n is
the loan life.

The annual operating cost of the bio-gasification system was calculated as the sum of all the
annual costs, including both direct and indirect operating expenses, and by-product credits.
Direct operating costs represent operating expenses that vary with production rate. These costs
include the raw materials costs, waste treatment cost, utilities costs, operating labor cost,
supervisory and clerical labor cost, maintenance and repair expenses, and operating supplies
costs, laboratory charges, and patents and royalties costs.

Table 1. Equations for calculating syngas production cost.

Cost factor Equation References

e Total capital cost (Crc) CrctCrc
0 Fixed capital cost (Ckc)
1. Direct project costs (Cpc)

(a)Equipment (f.0.b) (Ceo) Ceo Wei et al. (2009a)

(b)Materials for installation (Cy) 0.2Cgq Wei et al. (2009a)

(c)Building and construction (Cgc) 0.35Cgq Wei et al. (2009a)
2. Indirect project costs (Cic)

(a)Freight, insurance, and taxes (Cg7)  0.08Ckgq Choi et al. (2010)

(b)Construction overhead (Cco) 0.05Cgq Wei et al. (2009)

(c)Contractor engineering costs (Cce)  0.15(Ceq+Cwmi) Choi et al. (2010)

3. Other costs (Cor)



(a)Contingency and fee cost (Ccr) 0.18(CpctCic) Choi et al. (2010)

(b)Auxiliary facilities cost (Car) 0.3(CpctCict+Ccr) Choi et al. (2010)
o Working capital cost (Cyc) 0.13Ckc Choi et al. (2010)
e Annual capital charge (Cac) Crc xCapital recovery factor Choi et al. (2010)
e Total Operating cost (Cao) CootCro*+Cec
1. Direct operating costs (Cpo)
(a)Raw materials (Crm) Crm Wei et al. (2009a)
(b)Waste treatment (Cwr) Cwr Wei et al. (2009a)
(c)Utilities (Cyr) Cur Wei et al. (2009a)
(d)Operating labor (Coy) CoL Wei et al. (2009a)
(e)Supervisory and clerical labor (Csc) 0.15Cq, Choi et al. (2010)
(f) Maintenance and repairs (Cyr) 0.06Ckc Choi et al. (2010)
(g)Operating supplies (Cos) 0.15Cwur Choi et al. (2010)
(h)Laboratory charges (C.c) 0.15Cq, Choi et al. (2010)
(i) Patents and royalties (Cpgr) 0.03Cho Choi et al. (2010)
2. Fixed operating costs (Cro)
(a)Local taxes (C.y) 0.15Crc Choi et al. (2010)
(b)Insurance (Cs) 0.005Ckc Choi et al. (2010)
(c)Overhead cost (Cop) 0.6(CoLtCsctCur) Choi et al. (2010)
3. General costs (Cec)
(a)Administration costs (Cap) 0.15(Co +Csct+Cur) Choi et al. (2010)
(b)Distribution and selling costs (Cps)  0.10Cpx0 Choi et al. (2010)
(c)Research and development (Cgp) 0.05Ca0 Choi et al. (2010)
e By-product credit (Cpc) Crc Wei et al. (2009a)
e Annual production cost CactCao-Cpc

In this study, the feedstock cost was calculated by multiplying the feedstock consumption
amount required by the feedstock price, which included considerations for quality,
transportation, and storage (Wei et al., 2009a). Waste treatment cost is determined by the
amount of waste produced multiplied by the price of waste treatment. The costs of utilities are
directly influenced by the cost of fuel or electric power. The power demand for the bio-
gasification facility was estimated by equation 3.1 with a 0.6 scaling factor (Wei et al., 2009a).
Labor cost was determined by the number of operators needed multiplied by the pay rate of
operators. The downdraft fixed-bed gasifiers were designed to enable running automatically with
a computer control system, which can significantly reduce operators needed for micro-scale
gasification facilities. Considering the characteristics of biomass feedstock and operating safety,
operators were necessary for starting up the system at the beginning of a working day,
monitoring and controlling the gasifier system during syngas production, and shutting down the
facility at the end of a working day (Wei et al., 2009a). Working hours of operating mode were
set at 52 weeks per year, 5 days per week, and 8 h per day. One hour was needed for starting
up and shutting down a gasification facility in each working day (Wei et al., 2009a). Supervisory
and clerical labor fees, maintenance and repair expenses, and operating supplies costs,
laboratory charges, and patents and royalties costs were calculated individually and multiplied
by related factors, as shown in Table 1.

Fix operating costs are independent of changes in production rate. They include property taxes,
insurance, and overhead cost that are charged at constant rates even when the facility is not
operation (Turton et al., 1998). The fixed operating costs were calculated as percentages of the
total cost or capital costs (Table 1). General costs represent an overhead burden that is



necessary to carry out business functions. They include management, sales, financing, and
research functions. General costs are obtained via multiplication with various constant factors,
as shown in Table 1.

Working condition and economic assumption for the micro-scale gasification facility applied in
the economic model were based on those described in a previous study by Wei et al. (2009a).

Sensitivity Analysis

The sensitivity analysis was conducted to identify the impact of individual model parameters on
the syngas unit cost of the bio-gasification system. This procedure involved multiple model
simulations by changing parameter values, and then observing the effects on particular output
variables. The procedure modified one model parameter at a time while all other parameters
kept unchanged. For each model parameter an arc-elasticity metric was calculated by the
following equation (Mckenney et al., 2011).

®3)
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where C is a output metric in the scenario with unchanged parameter (baseline), AC is the
relative metric change in the altered vs. baseline scenario, P is a parameter value in the
baseline scenario, and AP is the parameter change in the altered vs. baseline scenario.
Elasticity values approaching zero indicated that the model outputs do not correlate with given
model parameter (Mckenney at al., 2011).

Results and Discussion

The estimated results showed that the total annual production cost of syngas was $119,630 and
the unit production cost of syngas was $1.22 Nm™(Table 2) The cost of this system is higher
than the results provided by Li et al. (2010) and Wei et al. (2009a). This is because the costs
such as working capital cost, supervision, patent, royalty, and overhead cost were not
considered in their study, which is included in this study. The total annual capital, operating, and
byproduct cost were $9,964, $113,628, and $3,962, respectively. The total annual operating
cost is the largest part of the total annual production cost for a 60 Nm®h™ capacity bio-gasifier.
The cost components of the capital and operating cost for a 60 Nm®h™ are shown in Fig. 2(a)
and 2(b), respectively.

Table 2. Modeling results for the bio-gasification at 60 Nm* h™

Calculation items Unit Value

Annual running hours h 1,820
Annual woodchip consumption kg 17,522
Annual syngas yield Nm?® 109,200



Sub-total annual capital costs $ 9,964
Sub-total annual operating costs $ 113,628
By-product credit (revenue) $ 3,962
Total annual production cost $ 119,630
Syngas unit cost $Nm? 1.22
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Figure 2. Cost components of the capital and operating cost for a 60 Nm®h

The equipment cost and auxiliary facilities accounted for 31% and 20% of the total capital costs,
respectively. Since each component cost included in the capital cost was calculated by the
function or equation based on the equipment cost, selecting an appropriate gasifier system is
very important in order to reduce total capital cost. The direct operating cost represents 51% of
the total annual operating cost and should be the focus of efforts to minimize the total annual
operating cost. Labor cost was 29.3% of the total annual operating cost. This was the largest
part of the total annual operating cost, followed by overhead cost (24.5%), distribution and
selling costs (11.0%), and maintenance and repairs (6.3%).

Effect of Production Capacity

The effect of gasification facility capacity on the annual costs associated with syngas production
was analyzed. As the bio-gasification capacity increased, all costs are also increased (Fig. 3).
The increase rate of total annual production cost was lower compared to that of annual
operating cost since the cost of byproduct heat produced from gasification linearly increased
when the gasification capacity was scaled up.
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Figure 3. Annual production costs for gasification facilities of different capacities

The operating cost composition for syngas production changed significantly with the increase of
the gasification capacity (Fig. 4). In case of items related to feedstock, waste treatment, utility,
maintenance and repairs, operating supplies, local taxes, and insurance, the percentage of the
total annual production cost was continually increasing, while labor cost, supervisory and
clerical cost, laboratory charges, overhead cost administration costs was steadily decreasing
with the increase of the gasification capacity. Patrent and royalty, distribution and selling costs,
and research and development cost was not changed. These results indicate that cost factors
such as feedstock, waste treatment, utility, maintenance and repairs, operating supplies, local
taxes, and insurance have a relatively large impact on the production cost when improving the
economic feasibility at a higher-capacity facility.
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Figure 4. Cost composition in different gasification capacities
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The unit cost of syngas production continually decreased with the increase of the capacity (Fig.
5). The reason is that the increase rate of syngas yield is higher than that of total annual
production cost. The average retail price for industrial natural gas in the U.S. in 2008 was $0.41

Nm- (USEIA, 2008). Comparing natural gas to syngas, the unit cost of syngas production was

close to the price of natural gas when the syngas production capacity was scaled up to 230 Nm?®
ht.
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Figure 5. Syngas unit costs for gasification facilities of different production capacities

Sensitivity Analysis

The sensitivity analysis in study is based on average elasticity values from -30% to 30%
changes in the mean model parameter. These changes are intended to represent both changes
in the underlying knowledge of a particular parameter and the possibility of technical change
that might arise from, for example, research activities. The impact of parameter changes was
examined in relation to the unit syngas production costs.

Labor and equipment costs have the greatest impact on the unit syngas production costs
compared to other model parameters (Table 3).

Table 3. Sensitivity analysis for the economic model parameters.

Average

_ - o Average rank
Variables Initial value elasticity value

_ over all scenarios
over all scenarios

Labor cost $33,280 year™ operator™ 0.433 2
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Equipment cost $42,000 for 60 Nm® h'* 0.726 1
Loan life 20 year 0.167 3
Feedstock cost $35 ton! FOB 0.144 4
Interest rate 4% 0.085 5
Utility cost $0.0718 kwh™ 0.017 6
Waste treatment cost ~ $40 ton™ 0.002 7
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Figure 6. Average elasticity for different bio-gasification capacities.

Waste treatment costs had the lowest elasticity values. Equipment cost ranked first in overall
model parameters, followed by labor cost, loan life, feedstock cost, interest rate, utility cost, and
waste treatment cost. Average elasticity for different bio-gasification capacity was shown in Fig.
7. As the facility capacity increased, the elasticity of equipment cost, loan life, feedstock cost,
interest rate, utility cost, and waste treatment cost increased, while that of labor cost decreased.
The drastic change of the elasticity was seen in equipment, labor, and feedstock cost. This
result indicates that equipment cost, labor cost, loan life and feedstock cost are the factors to
affect syngas production cost significantly. The others changed slowly.

Conclusion
In this study, an economic model was developed to evaluate the unit cost of syngas production.
The sensitivity analysis was performed to identify the major factors affecting the economic

feasibility of the syngas production cost. The unit cost of syngas for a 60 Nm? h-! capacity bio-

12



gasifier in Mississippi determined $1.22 Nm-, which was greater than the $0.41 Nm-* average

natural gas retail prices in the U.S. in 2008. Syngas production cost from bio-gasification facility
was significantly affected by the facility’s production capacity. As the capacity increased, the
total annual production costs are also increased, while the syngas unit costs are decreased.
The unit cost of syngas would be lower than the market price of natural gas if the bio-

gasification capacity level is selected higher than 230 Nm? h-*. Among the variables related to

the syngas production costs, equipment cost, labor cost, loan life and feedstock cost were found
to be the most significant variables affecting the economic viability of the bio-gasification
system. Therefore, selecting the suitable bio-gasification facility, stabilizing the labor and
feedstock, and providing reasonable subsidy are helpful to reduce the cost of syngas
production. These results provided the useful information for the economic evaluation of the
syngas production from a bio-gasification system, and an appropriate indication for the
promotion of syngas production in the future, targeting the reduction of the syngas production
with reasonably bio-gasification system capacity.
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