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Abstract
Formaldehyde-based adhesives have been used for several decades due to its convenience. In this paper, we aimed to 
explore the economics of urea–formaldehyde (UF) adhesives that can be used in wood panels. Two formaldehyde produc-
tion pathways: metal oxide pathway and silver pathway, were compared in this study. SuperPro Designer v9.5 software 
was employed to perform the techno-economic analysis (TEA). Key parameters of TEA were calculated and compared 
of these two pathways, including total capital investment, annual operating cost and product revenues. It was found 
that the unit production cost of UF adhesive made from metal oxide pathway ($0.86/kg) was less expensive than that 
from silver pathway ($0.99/kg), but the total capital cost was slightly higher in metal oxide pathway (40 million $) than 
silver pathway (38 million $). Additionally, sensitivity analysis indicated that final product yield and material costs were 
the most sensitive factors among all inputs.

Keywords Techno-economic analysis (TEA) · Urea–formaldehyde adhesive (UF adhesive) · Metal oxide pathway · Silver 
pathway

1 Introduction

Resin made from urea formaldehyde (UF) polymer began 
commercial use as adhesives in the 1920s [1]. Afterwards, 
UF adhesive became one of the most widely used adhesive 
worldwide. Every year, there are more than 13 billion tons 
of adhesive produced [2]. Approximately more than 70% 
of UF adhesives are used for bonding purpose in forest 
product industries, such as medium-density fiberboard, 
hardwood plywood, and particleboard [3]. UF adhesive 
is one type of the amino resins with excellent tensile 
strength, hardness and impact resistance [4]. Amino resins 
could be used in molding products and it has the ability to 
modify the properties of materials. For instance, in textile 
fabrics production process, it could help to increase the 
permanent-press characteristics [5].

UF adhesive is consisted of linear or branched oligomer 
and polymeric molecules. In industrial production, UF 
adhesive is made by the condensation of formaldehyde 
and urea in an aqueous solution. Although it is only com-
posed of urea and formaldehyde, the formation reactions 
of UF adhesive are quite complex [6]. Different conditions 
and molar ratio of urea to formaldehyde may result various 
condensed products. There are usually two synthesis steps. 
First, urea and formaldehyde react to form mono-methyl-
olurea, with some di-methylolurea and tri-methylolurea; 
then, these products are condensed to low molecular 
weight polymers. The condensation reaction could give 
a colorless solution that can be dried to powder. The final 
product is then distilled until 65% solids UF adhesive is 
achieved [6].
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The advantages of UF adhesive include low curing tem-
perature, resistance to microbials, and resistant to electri-
cal sources, which make it desirable for wall outlets and 
switch plates products [1]. Additionally, compared to other 
adhesives, UF adhesive is reported as the most economic 
one [7]. However, UF adhesive is less durable than phe-
nol formaldehyde adhesive and lack of water resistance 
in exterior applications because of the amino-methylene 
linkage that makes it unstable under the moist conditions, 
especially in combination of heat [1]. Besides, hydrolysis of 
weakly bound compounds may lead to the reverse reac-
tion, which could result in the formaldehyde emission 
from the UF-bonded product [8].

Formaldehyde  (CH2O), one of the most important pre-
cursors to many industrial chemicals, has been synthesized 
in Germany in late nineteenth century. Several years later, 
formaldehyde production from the mixture of methanol 
vapor and air became possible in industrial scale. It is 
found that the ratio of methanol and air as well as the cata-
lyst employed during production has large effect on the 
yield of the reaction. In 1925, due to the development of 
methanol production from timber industry, formaldehyde 
has been successfully produced on a commercial scale [9]. 
Typically, formaldehyde is produced by two main meth-
ods: oxidation–dehydration process using silver as the cat-
alyst and direct oxidation of methanol using metal oxide 
as the catalyst. Silver catalyst is the oldest approach and it 
is often carried out at high temperature (around 650 °C). As 
estimated in 2000, over 50% of west European companies 
adopted this pathway in industrial [10]. The other process, 
metal oxide catalyst process is the most widely applied 
modern commercial process [11]. This process requires 
lower temperature (about 350 °C) and the generated heat 
could provide steam for process heating [12]. In this study, 
the two pathways are compared in order to fully investi-
gate the strength and weakness of each pathway.

Another material, urea (CO(NH2)2), serves a vital role 
in the chemical industry as well. According to Ceresana, 
the market research institute, the global urea market 
may increase to 96 billion $ in 2019 [2]. Friedrich Wӧhler 
obtained it from the reaction of silver cyanate and ammo-
nium chloride in late nineteenth century. This has been 
regarded as a milestone in chemistry because it was the 
first time that an organic compound was artificially syn-
thesized from inorganic materials. Urea has been broadly 
applied in agriculture, especially as a fertilizer. It is esti-
mated that urea has the highest nitrogen content among 
all fertilizers. Urea is also used in chemical industries, espe-
cially in the manufacturing of UF adhesive and urea–mela-
mine–formaldehyde adhesive [9].

The debate on UF adhesive has been continued 
throughout the last decades. Even though the limit of the 
formaldehyde emission has been revised, the side-effect 

of UF adhesive is still a concern by public [13]. Biobased 
adhesives have been explored in these days in order to 
make more environmentally friendly product [14]. How-
ever, no thorough comparison between formaldehyde 
adhesive and biobased adhesive has been studied in 
both economic and environmental perspective. Techno-
economic analysis (TEA) is a process-modeling tool to sim-
ulate the production process. TEA could not only include 
the technical parameters, but also economic factors into 
the project [15]. It starts with the material and energy bal-
ance, and then cost analysis is conducted to assess the 
economic feasibility of the project. As a simulation tool, 
the assumptions of the study are highly important. Dif-
ferent assumptions could lead to significantly different 
results. The accuracy of the result may vary in a range 
of ± 30% [16]. The objective of this study is to evaluate the 
economic value of the UF adhesive production process in 
both pilot and commercial scale. Two different pathways 
to produce formaldehyde (silver process pathway and 
metal oxide process pathway) are explored in this study. 
Capital investment, annual operation cost, unit produc-
tion cost, gross margin, return on investment as well as 
payback time are discussed in this study. Comparisons 
will be made between the two pathways based on these 
economic indicators.

2  Methods

In this study, SuperPro Designer v9.5 software (Intelligen 
Inc., Cambridge, Massachusetts, USA) was employed to 
develop UF adhesive production processes. Five scales 
were analyzed: 1 t/d, 2 t/d, 5 t/d, 10 t/d and 40 t/d. The larg-
est scale (40 t/d) has the production capacity in equivalent 
of around 14,000 t/yr. The selection of this scale was based 
on a commercial formaldehyde resin plant sold by Phoe-
nix Equipment Corporation (plant # 271) [17]. In addition, 
two formaldehyde production processes were explored 
and labeled as MO (metal oxide process) and S (silver 
process). A total of ten scenarios were investigated in this 
study due to the adoption of two formaldehyde produc-
tion pathways. Scenario 1–5: MO process with five plant 
scales varied from 1 to 40 t/d; Scenario 6–10: S process 
with five plant scales vary from 1 to 40 t/d. A simplified 
overall flowchart of the UF adhesive production process 
is shown in Fig. 1.

Although not provided here due to space limitations, 
specific details regarding mass balances, energy consump-
tion, and how annual sales revenues and production costs 
were calculated can be found in detail in [18], which com-
pared in detail glycerol-based adhesives production to 
traditional adhesives manufacturing.
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2.1  Production process description

The MO process has the advantage of lower pressure 
requirements. The production process starts with vapori-
zation of methanol and mixing with air in the reactor. 
The reactions happened in the reactor can be found in 
Table 1 (number 1 and 2). Iron(III) oxide (Fe) and molyb-
denum trio (Mo) are employed as the catalysts and the 
ratio of Fe to Mo is approximately 1: 4. The temperature 
inside the reactor is maintained at 285 °C. After nitro-
gen and oxygen is separated from the main stream, it 
is cooled down to 110 °C following by the absorption 
process afterward. The formic acid is produced as the 
co-product in this process, and the formaldehyde is 
condensed as well as the methanol. The final products 
contain 37 wt% formaldehyde solution (and about 1 wt% 
methanol, to avoid the formation of paraformaldehyde 
for our production process). As for the S process, many 
patents described the conventional production process 
[19, 20]. In this study, the silver process begins with 
the mixing of methanol and air, and the ratio between 
methanol and air is about 40%. Initial air pressure is set 
to be 0.2 atm. In addition, the mixture temperature is 
maintained at 550 °C in the reactor (number 3 in Table 1). 
Hydrogen is produced and separated in the following 
step. Then the product stream is sent to the purification 
and recovery section. Unreacted methanol is separated 
from the main stream, approximately 18% of the input 

methanol. Same final product (37 wt% formaldehyde) as 
MO process is also produced from S process.

Based on Taylor [22], the UF adhesive production pro-
cess starts with the blending of formaldehyde and urea 
at a molar ratio of 2.6:1; and then water is evaporated 
until total water content is nearly 50 wt%. After that, urea 
is added to adjust the molar ratio of formaldehyde to 
urea to 1.5:1. Sodium hydroxide is added in this stage 
to adjust pH to 8–9. At the end of this stage, methylol 
urea is formed as number 5 shows in the Table 1. Next 
step is to condensate the methylol urea to low molecu-
lar weight polymers. Acid is added to bring the pH to 
around 5. Water is removed by distillation in order to 
reach a desire solid resin content to 65%.

The reactors were equipped with heating and cooling 
systems, mechanical stirrers, and a vacuum system, while 
the additions of raw materials is continuous. Crucial is 
the purity of raw materials, F-to-U molar ratio, and the 
control of production parameters (pH, reaction T and 
reaction t, and sequence of addition of the raw materi-
als). Although not provided here due to space limita-
tions, specific details regarding mass balances, energy 
consumption, and how annual sales revenues and pro-
duction costs were calculated can be found in detail in 
[18]. That study compared manufacturing of bio-based 
adhesives from glycerol to manufacturing of traditional 
adhesives. The reader is referred to this reference for spe-
cific details on model development and implementation.

2.2  Techno‑economic analysis

Detail assumptions used in techno-economic analysis 
can be found in our other TEA paper [23]. Total capital 
investment  (CTCI) is the sum of the direct fixed costs 
 (CDFC) associated with the study, the startup and valida-
tion  (CS) cost, and the working capital  (CW) (Eq. 1).

Fig. 1  Simplified overall 
flowchart of the urea–formal-
dehyde adhesive production 
process. Pathway 1: metal 
oxide process. Pathway 2: silver 
process

Table 1  Reaction mechanism properties [21]

Number Reaction equations ΔH (kJ/mol)

1 CH
3
OH + 0.5O

2
→ HCHO + H

2
O − 159

2 HCHO + 0.5O
2
→ CO + H

2
O − 314

3 CH
3
OH → HCHO + H

2
+ 84

4 H
2
+ 0.5O

2
→ H

2
O − 242

5 NH
2
CONH

2
+ HCHO ↔ NH

2
CONHCH

2
OH − 229.9
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Direct fixed costs  (CDFC) is composed of direct cost  (CDC), 
indirect cost  (CIC) and other cost  (COC). In direct cost  (CDC) sec-
tion, piping, instrumentation, insulation, electrical facilities, 
buildings, yard improvement, auxiliary facilities, installation 
fee are considered. The equipment purchase cost is obtained 
from SuperPro Designer v9.5 database, other factors associ-
ated with each cost item is taken from Peters et al. [24]. Indi-
rect cost contains engineering cost and construction cost, 
and other cost refers to contractor’s fee and contingency 
fee. Working capital  (Cw) is specified as the sum of major 
operation cost in a certain period.  Cw is assumed 15% of the 
direct fixed cost. Start-up and validation  (Cs) cost refers to 
the one-time pre-opening production cost. In this study, it 
is estimated as 10% of the direct fixed cost.

Annual operating cost  (CAOC) includes raw materials cost 
 (CM), labor cost  (CL), utilities cost  (CU), and facility-dependent 
cost  (CF) (Eq. 2). In this study, waste treatment cost, long-term 
storage cost, distribution and marketing cost, research and 
development (R&D) cost are not considered. Major assump-
tions for the annual operating cost  (CAOC) are listed in Table 2.

The material cost  (CM) is obtained from the retailer 
websites. Silver catalyst cost is the average price of the 
silver-based catalyst sold by the Sigma-Aldrich Company. 

(1)CTCI = CDFC + CS + CW

(2)CAOC = CM + CL + CU + CF

Electricity price is collected from the U.S. Energy Informa-
tion Agency (EIA) electricity report [26]. Other utilities 
costs such as steam and process water are gathered from 
SuperPro Designer v9.5 database. The labor cost is calcu-
lated based on the U.S. Bureau of Labor [27]. In this study, 
the labor cost is only operating labor cost; supervisory and 
administrative cost are not considered. The depreciation 
cost is calculated by the straight-line method. According 
to the Department of Treasury, the recovery period for the 
manufacture of chemicals and allied products is 9.5 years 
[28]. The salvage value of the purchased equipment in this 
study is 0 based on the description of Turton et al. [29].

2.3  Profitability analysis

A unit production cost is calculated by dividing the annual 
total investment by annual production amount (Eq. 3). It is 
used to compare the product price in a unit-base perspec-
tive: cost per kg of raw materials or products.

Gross margin is defined as the percentage of gross 
profit to revenues (Eq. 4). It is a type of direct measure of 
profit. With higher gross margin, the product is more likely 
to have higher profit.

Return on investment is another measurement of profit. 
It is used to evaluate the efficiency of investments. ROI is 
calculated as in Eq. (5). If a negative ROI value is obtained, 
then the investors may lose money.

Payback time is the estimation of the time needed to 
recover the cost of an investment. With shorter payback 
time, the investment tends to be more attractive.

2.4  Sensitivity analysis

Sensitivity analysis is used to explore the key input 
parameters to the final product value [30]. In this 
study, several input variables were selected based on 
the potential impact of the product value. Due to the 
uncertainty associated with the TEA study, the total capi-
tal investment was varied in the range between ± 30%. 

(3)

Unit production cost
(

$∕kg
)

=
Annual total investment

Unit reference flow

(4)

Gross margin (%) =
Revenue − Cost of Goods Sold

Revenue
× 100%

(5)ROI (%) =
Net profit

Total investment
× 100%

(6)Payback time (years) =
Total investment

Net profit
.

Table 2  Assumptions used in annual operating cost analysis

Parameters Assumption Source

1. Materials cost  (CM)
 Methanol 0.55 $/kg [25]
 Silver catalyst 300 $/kg [25]
 Iron oxide 0.71 $/kg [25]
 Molybdenum oxide 15.5 $/kg [25]
 Urea 0.16 $/kg [25]
 Sodium hydroxide 0.35 $/kg [25]

2. Utilities cost  (CU)
 Electricity 5.08 cents/kWh [26]
 Steam 12 $/t SuperPro 

Designer 
v9.5 data-
base

 Process water 0.05 $/t

3. Labor cost  (CL) [27]
4. Facility-dependent cost 

 (CF)
 Maintenance 0.02 ×  CPC [24]
 Depreciation Straight-line method [28]

Salvage value = 0 [29]
 Insurance 0.01 × CDFC

 Local tax 0.02 × CDFC [24]



Vol.:(0123456789)

SN Applied Sciences (2020) 2:1309 | https://doi.org/10.1007/s42452-020-3108-2 Research Article

Other parameters such as raw material costs, utility cost, 
labor cost and product yield are also investigated due to 
the potential influence they may have on the final unit 
production cost.

3  Results and discussion

3.1  Techno‑economic analysis result of the two 
pathways

The total capital investment and annual operating cost 
of ten scenarios are listed in Table 3. In general, with 
increasing plant scales, both total capital cost and annual 
operating cost are increasing and the unit production 
cost is decreasing (Fig. 2). S process has higher annual 
operating cost but lower total capital investment when 
compared at larger plant scales with that of MO process. 
This leads to a relatively higher unit production cost from 
S process than MO process as can be observed in Fig. 2. 
Higher operating cost obtained in S process is due to 
the higher price of raw material, silver in this process. In 
addition, higher steam temperature (~ 600 °C) is required 
in S process, which increases the annual operating cost 
as well. More specifically, the capital cost of MO process 
follows the trend line: y = 5E + 06 × X0.561 with  R2 = 0.97 
and S process follows: y = 6E + 06 × X0.48 with  R2 = 0.99. 
Corresponding unit production cost of MO process had 
the trend line: y = 2.26 × X −0.287 with  R2 = 0.92, while the 
S process had the trend line:

y = 2.56 × X −0.29 with  R2 = 0.90. The lowest unit cost 
obtained in MO process is $0.86/kg from Scenario 5 with 
the plant scale of 40 t/d. In S process, the lowest unit 
production cost is $0.99/kg from Scenario 10 with the 
plant scale of 40 t/d.

3.2  Other economic profitability analysis results

Gross margin is the difference between revenues and the 
cost of goods sold as mentioned in previous. As shown in 
Table 4, Scenario 5 has the highest gross margin (31%), 
while Scenario 6 has the lowest gross margin (− 73%). 
Scenario 1, 2, 6, and 7 have negative gross margin, while 
larger scale plants (Scenario 3–5 and Scenario 8–10) have 
positive outcome. The final product of all scenarios is UF 
adhesive (50 wt%), but the by-products are different. In 
Scenario 1–5 (MO process), formic acid is produced; in 
Scenario 6–10 (S process), carbon monoxide and carbon 
dioxide are formed. Due to the various selling price of 
these by-products, Scenario 1–5 have higher gross mar-
gin compared with that from S process. In terms of ROI, 
Scenario 1, 6, and 7 have the negative results. This indi-
cates that the net profits obtained from these scenarios 
are negative; in other words, if adopting such scenario, it 
is possible that no profit could be made. As for the other 
scenarios, Scenario 5 has the highest ROI result (10.45%), 
which means this scenario has the highest profit. As for the 

Table 3  Total capital investment and annual operating cost of ten 
scenarios

Scenario Total capital invest-
ment ($)

Annual oper-
ating cost ($)

1: MO process of 1 t/d 5,896,000 538,000
2: MO process of 2 t/d 6,009,000 740,000
3: MO process of 5 t/d 11,541,000 1,537,000
4: MO process of 10 t/d 19,719,000 2,827,000
5: MO process of 40 t/d 40,065,000 9,821,000
6: S process of 1 t/d 6,776,000 610,000
7: S process of 2 t/d 8,337,000 911,000
8: S process of 5 t/d 12,063,000 1,604,000
9: S process of 10 t/d 19,545,000 2,925,000
10: S process of 40 t/d 37,978,000 11,684,000
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Fig. 2  Unit production cost for all ten scenarios explored in this 
study

Table 4  Profitability analysis results of gross margin, return on 
investment and payback time

Scenario Gross mar-
gin (%)

Return on 
investment (%)

Payback 
time 
(years)

1: MO process of 1 t/d − 57 − 1.74 N/A
2: MO process of 2 t/d − 9 0.55 > 30
3: MO process of 5 t/d 11 2.42 > 30
4: MO process of 10 t/d 23 4.72 21
5: MO process of 40 t/d 31 10.45 10
6: S process of 1 t/d − 73 − 1.25 N/A
7: S process of 2 t/d − 29 − 0.91 N/A
8: S process of 5 t/d 9 2.24 > 30
9: S process of 10 t/d 16 3.68 27
10: S process of 40 t/d 17 6.52 15
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payback time, Scenario 5 requires the shortest (10 years). 
Under the same plant size, Scenario 10 requires 15 years.

3.3  Sensitivity analysis

Sensitivity analysis has been conducted in both Sce-
nario 5 and Scenario 10. As illustrated in Fig. 3, the capi-
tal investment is the most sensitive variables among all 
input variables in terms of the unit production cost. The 
product value results from $0.77 to $0.97/kg. Product yield 
and material cost are the second most sensitive factors. 
With 5% more yield, the price will increase by $0.04/kg. 
By exploring the raw materials used in this research, it is 
found that the price of methanol and catalyst have impact 
on the product value. As for the silver catalyst pathway 
(Scenario 10), total capital investment and product yield 
are also important factors for the unit production cost. 
Compared with metal oxide catalyst pathway, utility cost 
is the important sensitive factor for silver catalyst pathway. 

This is mainly due to the higher temperature requirements 
(~ 600 °C) in silver catalyst pathway.

4  Conclusions

In this study, the TEA of UF adhesive production process 
has been explored. Two pathways of formaldehyde pro-
duction (metal oxide process and silver process) and five 
scales (from 1 to 40 t/d) have been employed. Thus, ten 
scenarios have been studied and compared based on 
the developed techno-economic models. As a result, it is 
found that metal oxide catalysts pathway requires larger 
capital investment than silver catalyst pathway. However, 
the unit cost of metal oxide process was lower ($0.86/kg) 
compared to silver catalyst pathway ($0.99/kg). These 
selections of either process may depend on the initial 
capital investment of the project.
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