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Abbreviations: NPV, net present value; BCR, benefit-cost 
ratio; IRR, internal rate of return; PP, payback period

Introduction
Grain drying is one of the most important steps of postharvest 

handling, appearing as the main preservation method due to its proven 
flexibility, technology and reliability.1 This process is employed with 
the main objective of reducing the grain water content to appropriate 
preservation levels, comprising simultaneous heat and mass transfers 
between drying air and grain, in such way that the product reaches an 
equilibrium condition considered suitable for preserving its physical, 
physiological and nutritious features.2,3 Among the artificial drying 
methods, the high-temperature drying appears as the fastest, less 
energy consuming and less dependent on local climate.4,5 Although 
not commonly used in less developed regions due to its high initial 
investment, this drying technique is desirable in many industrial 
processes, such as in wet rice drying since it can be beneficial to the 
cooking quality of this product, as well as in feed industry because 
high temperatures tend to enhance corn starch digestibility.6

High-temperature dryers can be classified according to their 
operation (continuous or batch) and design (fixed bed, fluidized bed, 
rotating, cross-flow, concurrent-flow, mixed-flow or counter-flow). 
However, mixed flow column dryers are the most popular because 
they contribute to a better drying uniformity across the grain column 
since the entire width is subjected to the same air and the grain is 
mixed as it passes through the drier. Further, compared with the other 
dryers, they do not occupy grain storage space, allow drying of small 
grain without losses, can be built with portable units and moved 
easily, as well as can be simply cleaned between crops.7

In addition to the dryer design, drying capacity and stored grain, 
the furnace fuel is important to ensure an efficient process. Wood 
is a very popular fuel for grain drying, due to its low cost and high 
availability when compared to other fuels. However, its use presents 
disadvantages such as discontinuous and irregular combustion, 

formation of soot and toxic substances, as well as the demand for 
large forest plantations.8 On the other hand, the use of biomass (straw, 
husk, cob, bagasse and forest residues) has been increasing due to its 
potential for renewable energy generation and low carbon emissions.9 
Replacing coal and natural gas with agricultural residues can reduce 
around 93% and 85% of net CO2 emissions, respectively.10 Other 
advantages of using agricultural residues as furnace fuels are the large 
amount and availability for immediate use.11

Just as important as the technical factors is the drying economic 
feasibility, which can be evaluated by an economic analysis 
performed with the main objectives of verifying all the project risks 
and minimizing investment failures.12,13 One of the tools used for 
performing this analysis is the cash flow model, representing a balance 
of the amount of revenues and expenses of an investment during the 
lifetime of the project, and indicating its feasibility by economic 
indices.14 Several authors already evaluated the economic feasibility 
of grain drying by simulations, but they considered products, dryers 
and, bulk volumes in isolation, as well as short project lifetimes.13,15–17 
There is a need for a joint analysis involving the main technical and 
economic parameters of this process, also considering the effects of 
different grain types, furnace fuels and bulk volumes on the high-
temperature drying expenses and revenues. This work presents a 
detailed methodology for economic analysis of high-temperature grain 
drying, based on the cash flow model, which allows the evaluation of 
revenues and expenses, as well as the impacts of the main system 
variables, on the economic feasibility of high-temperature drying. 
The proposed methodology was tested considering different Brazilian 
storage conditions.

Material and methods
Economics of high-temperature grain drying

The cash flow model was applied to estimate the economic returns 
of high-temperature drying systems considering a project lifetime of 
20 years. This period was based on the average useful life of grain 
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Abstract

Grain drying is one of the most important steps of postharvest handling. Among the 
artificial drying methods, the high-temperature drying is the fastest, less energy consuming 
and less dependent on local climate, but also more expensive. A detailed methodology for 
economic analysis of high-temperature grain drying, involving the main variables that 
affect its profitability, is presented and tested. The proposed methodology is based on 
the cash flow model and was tested considering Brazilian market conditions, comprising 
42 simulated scenarios. The performed economic analysis can be easily adapted to other 
grains, countries, furnace fuels, and drying capacities as well. Results showed that all of the 
simulated scenarios were economically feasible provided that at least five drying cycles are 
performed per year. Labor, social taxes, grain type and drying capacity most affected the 
economic feasibility of this kind of investment, while the furnace fuel did not influence the 
evaluated economic indices.
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dryers and other equipment used in the process.18 The cash flow 
represents the saved amount of money resulting from the difference 
between revenues and expenses of grain drying during the lifetime 
of the project. The year zero considers no revenues and the capital 
investment as expenses. For the other years, revenues and expenses 
are calculated as:

 
                             ( ) ( )      1       i

iR C Ga Gp j= + 	  (1) 

                     i i i i i i i iE D M Q L T E F= + + + + + + 	                (2)

Where: R=revenues in $, i=year considered in the cash flow, 
varying from 1 to the lifetime of the project, C=the number of drying 
cycles, Ga=amount of dried grain in kg, Gp=selling price of grain 
in $, j=annual inflation rate in decimal, D=depreciation cost in $, 
M=maintenance costs in $, Q=dry matter loss costs in $, L=labor 
costs in $, T=Federal tax costs in $, E=electrical energy costs in $ and 
F=fuel costs in $.

The number of drying cycles was added to the analysis in order to 
identify the minimal value required to guarantee economic feasibility 
for the studied condition. More drying cycles tend to improve the 
profitability of the grain drying. Straight-line depreciation was used 
to gradually allocate depreciation of the drying systems along the 
lifetime of the project with a 10% discount rate:19

                      ( )1  0  0.1 0  /  i iD D V V N−= + −                           (3)

Where V0=capital investment in $ and N is the project lifetime. 
The year zero considers no depreciation, that is D0 is zero. 
Maintenance costs represented the annual expenses with repair and 
part replacement, considering the inflation rate. It was calculated as 
3% of the capital invested on the drying system:13

                           ( ) ( ) 0.03 0  1  i
iM V j= +                                 (4)

Dry matter losses of 0.5% due to transportation and drying were 
used, indicating high grain quality, but at the same time affecting the 
total volume of commercialized grain:20

                     ( ) ( ) 0.005     1  i
iQ C Ga Gp j= +                             (5)

Labor costs mainly depended on the wage value, the number of 
employees, their workload and the social taxes, also considering the 
inflation rate:

         
( )( ) ( )     1   /  100  1  i

iL Ne C Lw W St j= + +
                  

(6)

Where Ne=number of employees, Lw=employee annual workload 
in h, W=wage cost in $, and St=social taxes in % of wage.

Other taxes and fees related to the high-temperature drying process 
corresponded to a percentage of the capital invested in the system, 
discounting the inflation rate:

                            ( ) ( ) 0  1  i
iT V Tr j= + 	                              (7)

Where Tr=taxes index in % capital investment.

Electrical energy and fuel costs were calculated based on the dryer 
consumption and the drying time:

                      ( ) ( )     1      i
iE C Kc Dt Ck j= +                              (8)

                     
( ) ( )      1  i

iF C Fa Cf Fc j= + +                           (9)

Where Kc=cost of electrical energy in $kWh-1, Dt=drying time in 
h, Ck=electrical consumption in kW, Fa=amount of fuel required for 
drying in kg, Cf=cost of fuel in $kg-1, and Fc=freight cost in $. With the 
cashflow data, the economic indices Net Present Value (NPV), Benefit-
Cost Ratio (BCR), Internal Rate of Return (IRR) and Payback Period 
(PP) were calculated in order to evaluate the economic feasibility of 
high-temperature grain drying. NPV (Eq. 10) is frequently used when 
making financial decisions, representing the value today of a future 
earning with high-temperature drying, discounting the inflation rate.21 
The investment will be profitable only if NPV is greater than zero.14
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Where FL=cash flow in $.

BCR is a reliable accounting method to demonstrate savings from 
high-temperature drying systems, calculated as the quotient between 
the benefits and costs of the project, discounting the inflation rate (Eq. 
11). High-temperature drying systems will be economically feasible 
only if BCR is greater than one.22

                    ( )  0  / 0|  |BCR NPV V V= − 	                          (11)

PP refers to the smallest number of years in which the high-
temperature drying recovers its investments by the cumulative 
revenues. This index was calculated iteratively by applying Eq. 12 
for each year of the project lifetime until a value greater than the 
initial investment was found.21 Thus, PP was associated with the last 
year considered at the end of iterations and the drying system was 
profitable if this index was smaller than the project lifetime.

              
( ) ( ) ( ) ( )1  /  1   /  100 i

i i iVp Vp FL j
−

= + + 	              (12)

Where Vp=annual recovered value in $.

The IRR equates the NPV to zero, providing valuable information 
about the return on high-temperature drying systems. In this study 
IRR was calculated iteratively by inverse Lagrange interpolation.21 
Worthwhile drying systems have IRR greater than the attractiveness 
rate, considered as the minimum acceptable return percentage that this 
kind of project must earn in order to be profitable.

Testing the cash flow model applied to high 
temperature grain drying 

Brazilian high-temperature drying systems were considered during 
the tests, due to the large grain production verified in this country, and 
taking account that the grains play an important role in the Brazilian 
agricultural scenario as commodities, both for internal consumption 
and exportation.

Three high-temperature dryer volumes (83.9 m3; 104.9 m3 e 
227.1 m3) were simulated considering the most common designs 
found in Brazil.23–25 These were mixed-flow column dryers with 
double air recirculation system, which demand less electrical energy, 
resulting in higher thermal efficiency and in better drying uniformity. 
Additionally, two furnace fuels (wood and grain residues) and seven 
grain types (peanut, rice, coffee, bean, corn, soybean and wheat) 
were used, based on their market importance in Brazil, totaling 42 
simulation scenarios.26

High-temperature drying times and electrical energy consumptions 
were simulated based on the average technical features of the dryers 
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(Table 1), as well as on common grain and air conditions. In this study 
it was considered the grain drying from 20 to 13% (w.b). Further, the 
air heating from 20 to 110°C was applied, following the specified by 
the dryer manufacturers (Table 1).23–25

Table 1 Technical features of dryers considering soybean drying and water 
content reduction from wet-basis 18 to 13%

Small 
dryer

Middle 
dryer

Large 
dryer

Static capacity (m3) 83.9 104.9 227.1

Nominal capacity (t h-1) 40 60 125

Airflow (m3 h-1) 72,000 1,08,000 2,25,000

Required heat (kcal h-1) 18,00,000 27,00,000 56,25,000

Required power (cv) 25 40 75

Time of each drying cycle was estimated by dividing the grain 
volume by an effective drying capacity, adjusted according to the 
nominal capacity of the dryer, grain type and grain moisture contents 
before and after the drying process (Eq. 13). The correction factor for 
product type was estimated since original technical features of dryers 
refer to soybean. This correction factor was calculated based on the 
nominal capacity of the dryer and the different grain bulk densities, 
resulting in the values of 1.113, 0.968, 1.160, 0.740, 0.746, 1.000 and 
0.683 for peanut, rice, coffee, bean, soybean and wheat, respectively. 
The correction factor for grain water content (Eq. 14) was calculated 
following recommendations of Valente et al.,12 considering that dryers 
were designed to reduce the grain water content from 18 to 13 % 
(w.b.).

                                           Ce Cn fp fu= 	                              (13)

                                                                                                   (14)

Where Ce=effective drying capacity in t h-1, Cn=nominal drying 
capacity for soybean in t h-1, fp=correction factor for product in 
decimal, fu=correction factor for water content in decimal, and 
Ui=initial grain water content in % wb.

Energy consumption was estimated by multiplying the required 
power of the dryer by 0.7355 and by the drying time, resulting in the 
consumption in kWh. The amount of fuel was calculated considering 
a furnace efficiency of 80%.27

             ( ) ( )  60     –   /     Mc Q cp Ts Ta PCIρ η=                   (15)

Where Mc=fuel consumption in kg h-1, ρ=drying air density in kg 
m-3, Q=drying airflow rate in m3 min-1, Cp=specific heat of drying 
air in kJ kg-1°C-1, Ta=ambient air temperature in °C, Ts=drying air 
temperature in °C, η=furnace efficiency in decimal, and PCI=low 
calorific value of fuel in kJ kg-1.

Table 2 presents the yields, collecting availability factors and low 
calorific values of the grain residues used in this study.27,28,29 Yields 
and collecting availabilities were evaluated to compare the amount 
of biomass required as furnace fuel with values generally used for 
adequate soil fertilization and protection, animal feed and other 
agricultural practices. The low calorific value of wood was simulated 
as 12,970 kJ kg-1 (Table 2).28

Table 2 Yields, availability factors and low calorific values of the studied grain 
residues

Residue	 Yield 
(tdb/t)*

Collecting 
availability (%)

Low calorific 
value (kJ/kg)

Soybean straw 2.3 30 14,600

Corn straw 1.68 40 17,700

Rice straw 1.55 40 16,000

Rice husk 0.19 40 16,000

Wheat straw 2.9 40 12,400

Bean straw 1.16 40 14,000

Coffee husk 2 50 15,500

Peanut husk 1.04 25 12,900

*tdb expresses tons of residues in dry basis and t expresses tons of grain

The average capital investments of high-temperature systems, 
including furnace and dryer costs, were obtained from Brazilian 
manufacturers, corresponding to $79,792.09, 98,020.79 and 
171,585.36 for small, middle and large dryers, respectively.23–25 Table 
3 shows the bulk volumes, which varied for equal dryer sizes due to 
their different densities, as well as average selling prices (obtained by 
agribusiness websites), which were different depending on the grain 
type (Table 3).

Table 3 Average selling prices of grain used in simulations and bulk volumes 
depending on the dryer size

	 Grain bulk volume (ton)

Grain Selling 
price 

Small 
dryer

Middle 
dryer

Large 
dryer

($ ton-1) 83.9 m3 104.9 m3 227.1 m3

Peanut 464.09 42.87 53.6 116.05

Rice 212.71 49.5 61.89 133.99

Coffee 2,049.72 41.95 52.45 113.55

Bean 690.71 62.93 78.68 170.33

Corn 127.07 62.93 78.68 170.33

Soybean 295.58 52.86 66.09 143.07

Wheat 174.03 67.54 84.44 182.82

The simulated annual inflation rate was 10% and represented the 
percentage increase in the prices over a year.22,30 Costs of electrical 
energy ($0.11 kWh-1) were based on the current fees in Brazil.31,32,33 
Labor costs were simulated as R$22.10 per employee per day and 
social taxes were 68% of the payroll.34 Other taxes and fees related 
to the low-temperature drying process corresponded to 10% of the 
capital invested in the system.26 Further, an attractiveness rate of 7% 
was employed, representing a perceived quality and utility of grain 

( ) ( ) ( )2 3  1 –  0.1544  –  18   0.014863   18 –  0.0005942  –  18Fu Ui Ui Ui= + −
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drying systems and contributing to the evaluation of their economic 
feasibility.13,14 An average wood cost of $0.04 was used based on data 
from agribusiness websites, while grain residues were considered 
costless since they are recycled from the cultivation area. Further, 
during the studied period, the real (R$) to US dollar conversion was 
$3.62.30

After all economic analyses were performed by using the proposed 
model, the simulated scenarios were compared among themselves 
and the main factors that affected their economic feasibility were 
evaluated. All calculations and analyses were accomplished by using 
electronic worksheets.

Results
All of the 42 simulated scenarios were profitable when performing 

at least five drying cycles per year. VPLs ranged approximately from 
$276 thousand to $22 million at the end of the 20 years considered as 
project lifetime (Figure 1).

Figure 1 Average Net Present Values (NPV) of the simulated scenarios 
considering small (83.9 m3), middle (104.9 m3) and large (227.1 m3) volume 
dryers.

Figure 2 shows the average BCRs for different grain types and 
dryer capacities, which ranged from 2.8 to 127.9.

Figure 2 Average Benefit-Cost Ratios (BCR) of the simulated scenarios 
considering small (83.9 m3), middle (104.9 m3) and large (227.1 m3) volume dryers. 

As shown in Figure 3, IRRs were between 27.2 and 100.0%, with 
high value grain and large dryers resulting in greater returns. Among 
the 42 simulated high-temperature drying processes, 20 resulted in 

immediate PPs, with emphasis on drying small, middle and large 
volumes of coffee, bean and peanut. In all other scenarios PPs varied 
from 1.5 years when drying wheat to 3.5 years for corn drying. Other 
variables which were important during the economic analysis were 
the electrical energy consumption, drying time and amount of fuel 
required for drying. Their values varied according to the grain and 
fuel types, as well as dryer capacity. The average electrical energy 
consumptions were 18.39, 29.42 and 55.16 kW for small, middle and 
large high-temperature drying systems, respectively. On the other 
hand, the average drying times were most affected by grain type, with 
averages of 1.1, 1.5, 1.1, 2.6, 2.6, 1.6 and 3.0 hours for peanut, rice, 
coffee, corn, soybean and wheat, respectively. The amounts of fuel for 
each simulated scenario are presented in Table 4.

Figure 3 Average Internal Return Ratios (IRR) of the simulated scenarios 
considering small (83.9 m3), middle (104.9 m3) and large (227.1 m3) volume 
dryers.

Table 4 Biomass and wood amounts (kg) required as furnace fuel for different 
high-temperature drying systems in Brazil

Dryer

Small Middle Large Small Middle Large

Wood Grain residues

Peanut 970.27 1213.13 2626.33 975.54 1219.71 2640.58

Rice 1311.23 1639.43 3548.24 1062.92 1328.96 2877.1

Coffee 927.29 1159.39 2509.98 775.93 970.15 2100.29

Bean 2180.38 2726.13 5901.85 2019.97 2525.56 5467.64

Corn 2162.85 2704.2 5854.38 1584.87 1981.55 4289.91

Soybean 1355.33 1694.56 3668.59 1204.01 1505.37 3259.01

Wheat 2535.59 3170.24 6863.31 2652.14 3315.97 7178.8

Discussion
The proposed model has been found reliable and satisfactory. 

The costs and revenues simulated in this study agreed well with the 
market and literature data, with monetary corrections.12,13,15,17,35 The 
smallest NPVs were observed when drying corn, rice and wheat in 
small and middle high-temperature dryers, while the greatest returns 
were verified for drying of large volumes of coffee and bean. Major 
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contributors for these results were selling prices of grain and dried 
bulk volumes. This is well demonstrated in the particular case of rice 
and wheat, which resulted in average NPVs of $1.02 and 1.21 million, 
respectively. Selling prices of these products are greater than corn 
and smaller than the other grain types, but rice is around 18.2% more 
expensive than wheat. However, considering a same dryer capacity 
it is possible to dry a volume of wheat approximately 26.6% greater 
than rice due to their bulk densities. Generally, large dryers were 
responsible for greater NPVs for a same grain type and high cost 
grains resulted in greater revenues along the lifetime of the project.

Smallest values of BCR index were also found for corn, rice 
and wheat drying, demonstrating a lower profitability for these 
investments in Brazil, while coffee stood out as more cost-effective, 
followed by bean, peanut and soybean, respectively. Following the 
NPV and RBC trends, IRRs were always well above than the minimal 
attractiveness rate of 7% recommended by Mugabi & Discroll13 and 
Marquezan14 as the minimum acceptable return percentage that grain 
drying systems must earn in order to be economic feasible. Even for 
corn, rice and wheat, which presented lower IRRs, high-temperature 
grain drying appears as a low risk and profitable investment for all 
simulated scenarios. Greater PP values indicate that the capital 
invested in the high-temperature drying will be committed for several 
years, resulting in riskiest projects. However, the PPs obtained in 
this study corresponded to less than one fifth of the project lifetime, 
confirming the high-temperature grain drying as a worthwhile and low 
risk investment in Brazil.

Selling prices of grain strongly affected the economic results since 
high value products, such as coffee, bean and peanut, are capable 
of generating greater revenues along the lifetime of the project, 
contributing to a faster recovery of the invested capital, as well as 
easily covering the process expenses. These results agreed with those 
presented in another works that evaluated high-temperature drying 
costs.13,15,19,35 Another important variable is the dried bulk volume, 
since for all grain types, large dryers were more profitable even 
presenting greater initial investments. According to Costa et al.19 this 
behavior can be justified by the fixed costs associated with the drying 
process, which are independent of the dryer capacity and drying 
cycles. These include insurance, taxes, fees and inflation rate.

When considering high-temperature dryers the required 
initial investment is the variable of major impact on the system 
implementation. Comparing this initial capital with that required by 
low-temperature drying systems it is observed an average difference 
of 67%.20,24,25,36 On the other hand, this high initial investment is 
partially offset by the reduced process costs, such as electrical energy 
and labor, due to the short drying time observed in this kind of system.

Furnace fuel did not considerably influence the economic indices 
when evaluated separately. Although a large amount of wood was 
required when simulating the high-temperature drying, this fuel has 
a low cost in Brazil, what explains the slight economic difference 
between scenarios where only the furnace fuel varied. The low costs 
of wood and grain residues as furnace fuels were also observed by 
Valente et al.,12 Lim et al.37 However, costs of both wood and grain 
residues tend to increase depending on different freight values, as well 
as labor required for prepare these fuels to be used into the furnace. In 
the case of wood, the distance between the dryer and the fuel supplier 
tends to affect the freight cost directly, as well as the region where the 
wood is acquired.

Despite the similar economic results of wood and grain residues in 
relation to high-temperature drying, it is important to emphasize the 

benefits of using biomass as alternative fuel for this process. Wood 
combustion is generally incomplete and did not liberate all available 
chemical energy, also generating toxic gases, such as the polycyclic 
aromatic hydrocarbons (PAHs). These organic compounds are formed 
during the pyrolysis of some organic materials and are considered 
environmental pollutants, since they are non-biodegradable, and are 
also known to have carcinogenic potential.8

On the other hand, grain residues present greater combustion 
efficiency, can be found in large amounts and are easily available 
for immediate use. These fuels also present, in many situations, low 
calorific values greater than those of wood and thus possess high energy 
contents. Furthermore, biomass can be converted into heat with very 
low carbon emissions, contributing to more sustainable agricultural 
practices.10,37 Another advantage of using grain residues as furnace 
fuel during grain drying is that this practice does not detrimentally 
affect traditional agricultural management, such as tillage, heating 
and animal feed. According to Wang and Mendelsohn,38 15% of crop 
residues in field is sufficient for providing adequate soil fertilization 
and protection, while 25% is generally used for animal feed and 
industrial raw materials. Simulations performed in this study showed 
that around 1.9, 2.8, 3.3, 3.5, 3.5, 3.8 and 8.75% of the biomass from 
plantations was required as furnace fuel for high-temperature drying 
of coffee, bean, soybean, wheat, rice, corn and peanut, respectively. 
In all these cases residue availability was guaranteed for other 
agricultural practices.

Conclusion
All simulated scenarios were economic feasible and considered as 

low-risk investments since operating at least five drying cycles per 
year. High-temperature drying of large volumes (from 227.1 m3) of 
coffee and bean stood out as more profitable, resulting in greater NPV, 
BCR and IRR values. The smallest returns were observed when drying 
small and middle volumes of corn and rice. The factors that main 
affected the profitability of high-temperature drying were the grain 
type, dryer size, labor, social taxes and initial investment. Generally, 
high cost grains and large dryers were responsible for greater 
revenues along the lifetime of the project. The furnace fuel did not 
interfere considerably in the evaluated economic indices. However, 
the use of grain residues as drying fuel was recommended due to their 
environmental benefits. The proposed methodology requires both 
technical and economic knowledge about the high-temperature grain 
drying, including several data about the dryer and grain, as well as 
economic data, such as inflation rate, tax values and prices. But, it can 
be applied to other grains, country market conditions, furnace fuels, 
and drying capacities as well.
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