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Green Foundation

1. This work advances the field of green chemistry by valorising spruce bark, an underutilised 
industrial side stream, into a renewable and non-toxic alternative to chromium-based 
tanning agents. The combined approach of techno-economic analysis and LCA has not 
previously been conducted for this type of process utilising spruce bark as the feedstock.

2. The key green chemistry achievement is the industrial-scale production of bio-based 
tannins using hot-water extraction under mild conditions, avoiding organic solvents and 
generating negligible waste, as spent bark is reused for energy. The process was deemed to 
be both economically feasible (minimum product selling price 2.1 €/kg) and 
environmentally quantified (4.6 kg CO₂-eq/kg product).

3. Further research could enhance sustainability by reducing steam demand through heat 
integration, improving extraction yield, lowering chemical and enzyme use through recycle 
systems, and expanding the process toward a multi-product biorefinery.
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Abstract

Bark, which is currently far from being utilised to the maximum, 
has the potential to be a sustainable source of chemicals in the 
future. For instance, bark contains a significant amount of 
tannin which has a wide range of applications in various 
industries. Tannins extracted from spruce bark have been 
proposed for use in the leather industry to achieve more 
sustainable and environmentally friendly tanning processes. In 
this work, a novel industrial-scale extraction process for 
tannins from spruce bark is described and its feasibility and 
environmental impacts evaluated. The process concept 
includes hot water extraction of tannins from spruce bark and 
after-treatment sections, with the final product a powder with a 
high concentration of polyphenolic compounds. The process 
and its equipment were dimensioned based on the estimated 
available bark volume of a pulp mill located in the Nordic 
countries. The study included a techno-economic analysis and 
sensitivity study, and the plant project to be implemented using 
this tannin extraction process was assessed to be feasible in 
terms of dimensions, raw material and consumption of utilities. 
Based on the techno-economic analysis, tannins extracted 
from Norway spruce for leather industry applications show 
promising economic potential. The minimum selling price for 
the tannin product was 2.1 €/kg, and the most prominent 
economic risks within said plant project stemmed from 
achieving a high enough overall process yield. The global 
warming potential of the extracted spruce bark tannin was 4.6 
kg CO2-eq per kg of tannin product. The most significant 
contributor to the potential was process steam, meaning that 
optimising the energy consumption of the process would be 
important for increased environmental benefits. If the 
extraction of tannin from spruce bark can be successfully 
scaled up to industrial level, there is significant potential for the 
future, improving the value of underutilised biomass fractions 
and thus providing an alternative to the most commonly used, 
environmentally harmful tanning agents.
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Introduction

In the shift towards a more sustainable world economy, there is an ever-
growing need for sustainable solutions in chemical production. Forests, in 
addition to acting as carbon sinks, supply large volumes of renewable raw 
material for a variety of industrial applications. Trees, and their separable 
fractions, contain a wide variety of valuable chemical compounds with a 
multitude of applications across many industries.

In the wood processing industry of today, tree bark is an underutilised fraction 
used mainly as an energy source, and a multitude of functional chemical 
fractions are lost in the current processing chains. For example, in Canada, 
around 17 million cubic metres of bark ends up incinerated or as waste [1], 
indicating the lost potential of valuable extractives in the forest industry. 
Furthermore, debarking is a process step already existing in almost all forest 
industry processes, where the tree bark is separated for further processing 
[2].

Tannins are a group of polyphenolic chemicals that are widely distributed in 
nature with substantial concentrations in various tree barks. They can be 
extracted from bark using a variety of methods, such as hot water extraction 
[3, 4]. Tannins are used as coagulants in environmental applications [5] [5], 
in adhesives where they substitute formaldehyde [6] and in the leather 
industry as tanning agents [4].

In the literature, some techno-economic assessments (TEAs) have been 
conducted on the extraction of spruce bark tannin with different production 
capacities and plant configurations. For example, Wijeyekoon et al. [7] 
explored tannin extraction and its application in on-site adhesive production, 
while Ajao et al. [8] examined its general applications. Their overall findings 
suggest that tannin production from spruce bark can be economically 
feasible on an industrial scale; however, the tannin product analysed in these 
studies was not specifically intended for use in leather tanning. One of the 
key findings of Wijeyekoon et al. [7] was that only a brownfield solution 
implemented alongside an existing plant site was profitable.

Chromium-based tanning agents still dominate the leather industry and are 
used in over 80% of global leather production due to their efficiency and cost-
effectiveness [9] [9], although there is a growing trend towards more 
sustainable, chromium-free alternatives.
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Other plant-derived tannins, such as chestnut and quebracho, are used in 
the leather industry, and are produced from the wood material itself [10, 11]. 
Unlike these tannins, spruce bark tannin would be produced from a wood 
processing side stream, utilising pre-processing chains already in existence 
at pulp mill sites. The utilisation of this side stream is expected to result in 
lower land occupation per unit of tannin than tannins derived from purpose-
harvested wood [10, 11] although the exact magnitude depends on extraction 
yield and process assumptions. Extracting value from side streams can open 
up more sources of income for companies in the forest industry, and the 
extracted natural products would shift other industries in a more sustainable 
direction.

The global tannin market volume was estimated at 1.1 million metric tons 
2017, with leather tanning accounting for approximately 62% of total turnover 
[12]. According to estimations based on a compound annual growth rate 
(CAGR) of between 4.5% and 6.6%, the tannin market should reach €3.2 
billion in 2025, with leather manufacturing and winemaking expected to be 
the key drivers of growth [12-14]. Based on these figures, the market 
conditions will most likely be favourable for extracting tannin product from 
spruce bark, and targeting the leather industry is a logical choice due to its 
large market share.

Tannins extracted from spruce bark could offer a more environmentally 
friendly and benign alternative to chrome as a tanning agent. This work aims 
to develop a novel industrial-scale process concept for extracting tannins, 
specifically tailored for the leather tanning industry. The feasibility of the 
developed process is evaluated by performing a TEA and sensitivity analysis. 
Additionally, a life cycle assessment (LCA) is conducted to identify the 
processing steps, raw materials, utilities and generated waste materials that 
have the most significant environmental impacts on the tannin production 
process. To the best of the authors’ knowledge, this integrated approach, 
combining TEA and LCA, has not previously been conducted for tannins 
extracted from spruce bark for use in the leather tanning industry. 
Considerations for improving the profitability of the proposed process are 
presented based on the results.
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Methodology

The plant capacity, mass and energy balances, and process yield were used 
as the basis for the TEA and LCA calculations. The capacity of the industrial-
scale plant was set at 25 kt/a of Norway spruce bark on a dry matter basis 
(50% moisture content). The production capacity estimate was based on the 
potential bark volume of one Nordic pulp and paper mill [15-17]. The tannin 
extraction plant was designed to be situated on an existing pulp mill site, in 
order to take advantage of the close proximity of the feedstock, as well as 
the utilities required for the process. Pretreatment of the spruce bark 
feedstock, and the packaging and handling of the final product were not 
included in the detailed design. Mass and energy balances and equipment 
sizing were performed using Microsoft Excel. The energy usage of the plant 
was calculated from the heating and cooling requirements, as well as the 
electricity required to run the process equipment. [18-21]

Production plant investment costs were estimated using the Aspen process 
economic analyser (APEA), version 14.2, and operating costs were 
determined from the mass balance with cost figures found from the literature 
and chemical market data. The profitability of the process was evaluated 
based on the investment and operating costs. The effect of key process 
parameters was evaluated by sensitivity analysis. Finally, life cycle 
inventories were developed based on material and energy balances to 
conduct a life cycle impact assessment of the proposed process. The 
detailed methodology and assumptions for both the TEA and LCA are 
detailed below. 

Techno-economic assessment

The total capital investment was estimated as the sum of fixed capital 
investment and working capital. Working capital was defined as three months 
of operational expenses. Fixed capital investment is the sum of direct and 
indirect costs and was estimated using the percentages of the delivered 
equipment method [22], listed in Table S1. Some of the percentages were 
modified from the base values presented by Peters [22], to better represent 
the addition of the plant to an existing industrial site. The land-related costs 
were assumed to be negligible, aside from land modifications, which were 
included in the FCI.

Page 6 of 28Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

3/
20

26
 1

1:
36

:1
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6GC00120C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6gc00120c


6

The direct costs of the plant included the total process of procuring and 
installing the equipment, and the indirect costs comprised engineering, 
construction expenses and contingency for the plant project. The equipment 
costs were estimated using APEA version 14.2 with price basis from the first 
quarter of 2022. The delivered equipment cost was derived by multiplying the 
base equipment cost by a factor of 1.1. The total equipment price was 
adjusted using the chemical engineering plant cost index value from 2022 to 
the level of 2024 [23]. The APEA equipment database did not include all the 
specific equipment listed for the process, thus some simplifications were 
made in order to obtain approximate prices for selected process equipment: 
the extractors were estimated as simple screw conveyors and falling-film 
evaporator columns as long tube evaporators. The nanofiltration equipment 
cost was calculated based on investment costs ranges as a function of feed 
capacity, interpolated from three available cost data points [24].

Operating costs were determined as the sum of fixed operating costs (FOC) 
and variable operating costs (VOC). VOC include raw materials, utilities and 
operating supplies, which are calculated based on the mass and energy 
balance of the process. The cost of operating supplies was assumed to be 
0.5% of the plant FCI. Raw material costs comprised spruce bark, extraction 
aid chemicals, enzymes and buffer solution. The price of the spruce bark 
could not be determined directly on a per tonne basis, as it is recycled back 
to the energy production process after extraction. Instead, the price was 
based on a combination of the energy cost of drying the bark back to 50% 
moisture content after the extraction step, and the heating value loss from 
extracting around 10% of the solids in the bark mass. Dewatering energy 
consumption, bark heating values and the price of heat used in the 
calculations are based on values by Jinze et al. [25]. The prices of the 
process utilities are listed in Table 1. Air for the spray drying unit is taken 
directly from the atmosphere with a compressor system, so the only costs in 
air use result from running the necessary equipment. 

Table 1. Process utility prices used in OPEX calculation
Utility Unit Price (€/unit)

Process steam t 40 [26]
Process water t 1.1 [27]
Cooling water t 0.24 [27]

Electricity kWh 0.08 [28]
Wastewater treatment m3 1.5 [29]

Sodium carbonate t 250 [30]
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Sodium sulfate t 350 [31]
Sodium acetate t 500 [32]
Enzyme mixture t 30000* [33, 34]

Spruce bark t 2
*Total enzyme mixture price based on available price data for food-grade enzymes 

The FOC include salaries, quality control operation (excluding salaries), 
maintenance and repairs, insurance and security. Operation salary costs 
were calculated based on per-process-unit per shift worker requirements 
[35], and assumed values of 1 and 0.5 workers for the extractor unit and 
spray drying unit respectively. The plant was set to be operated in five shifts 
with four workers including a supervisor for each shift. In addition, the plant 
has mechanical and quality control personnel on site. Average salaries for 
plant personnel in Finland [36] were used, with the assumption that quality 
control personnel have the same wage as process operators. Administration, 
healthcare, quality control, plant maintenance, insurance and security costs 
were estimated as percentages of personnel and plant size-related figures, 
listed in Table 2.

Table 2. OPEX cost components determined with personnel and plant size figures.
Cost component Calculation basis

Administration salaries 15 % of total labor cost
Healthcare and benefits 25% of total labor cost
Quality control operation 1% of FCI
Maintenance and repairs 10% of DEC
Insurance 4% of direct FCI
Security 2% of DEC

Once the investment and operating costs had been calculated, the 
profitability of the process was evaluated using the assumptions listed in 
Table 3. Equations 1-4 are used to calculate key economic indicators.

𝑁𝑃𝑉 =
𝑛

𝑡=0

𝐶𝑡

(1 + 𝑖)𝑡
(1) 

Where NPV is the net present value of the plant project, Ct is the yearly 
revenue after tax, i is the discount rate, and t is the number of time periods.

0 = 𝑁𝑃𝑉 =
𝑛

𝑡=1

𝐶𝑡

(1 + 𝐼𝑅𝑅)𝑡 ― 𝑇𝐶𝐼 (2) 
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Where Ct is the yearly revenue after tax, IRR is the internal rate of return, t is 
the number of time periods, and TCI is the total capital investment.

𝑅𝑂𝐼 =
𝐶

𝑇𝐶𝐼 
(3) 

Where ROI is the return on investment value of the plant project, C is the 
average yearly income after tax, and TCI is the fixed capital investment.

𝑃𝐵𝑃 =
𝑇𝐶𝐼

C
(4) 

Where PBP is the period of time it takes for the plant to earn back its 
investment cost through its cash flow, TCI is the total capital investment, 
and C is the average yearly income after tax. 

The selling price range for the tannin product was determined from averages 
of global shipment data [37, 38] and total yearly imports of vegetable-derived 
tanning agents in the EU area [39] for various tannin types. The prices were 
derived by dividing the total value of the imports by the total import volume. 
The net present value (NPV) of the plant project was calculated using the low 
and high ends of the selling price range. The minimum selling price (MSP) 
for the tannin product was calculated to achieve an NPV of zero for the entire 
operating life of the plant.
 
Table 3. Techno-economic assessment assumptions
Component Assumed basis
Basis year for evaluation 2024
Plant operating lifetime 25 years
Annual plant operating time 340 days
Decommissioning cost 30% of FCI
Plant salvage value 10% of delivered equipment cost
Working capital 3 months OPEX
Discount rate 10%
Equity 0%
Term of loan 10 years
Loan interest 5%
Depreciation factor 8.8%
Tax rate 20%
Administration 15% of labour costs
Employee healthcare and benefits 25% of labour costs
Quality control operation 1% of FCI
Plant maintenance 2.5% of FCI
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Insurance 4% of direct FCI
Plant security 0.5% of FCI

Life cycle assessment

LCA was conducted according to the ISO 14040 and ISO 14044 standards 
using Simapro v. 9.6.01 software. The purpose of the LCA was to identify 
which processing steps, as well as raw materials, utilities and generated 
waste materials, have the most significant impact on the tannin product 
production process. 

The system boundary of the LCA is cradle-to-gate, encompassing the 
manufacturing and distribution of feedstocks, utilities and the generation and 
processing of waste, as well as the production of the tannin product, as 
presented in Figure 1. The infrastructure emissions of the biorefinery were 
excluded from this research due to lack of data. The unit-specific inventory 
data in Table S2 used to model the biorefinery were obtained from the 
material and energy balances and scaled using 1 kg of tannin product per 
dry basis as the functional unit. Characterisation data, presented in Table S3, 
were extracted from the Ecoinvent v. 3.10 database except for sodium 
acetate, for which the data were retrieved from a report by Jungbluth [40] 
[40]. The ReCiPe 2016 midpoint (H) v. 109 method was used to quantify the 
17 environmental impacts. However, the discussion focuses on five key 
indicators: global warming potential (kg CO2-eq), stratospheric ozone 
depletion (kg CFC11-eq), terrestrial acidification (kg SO2-eq), land use (m2a 
crop-eq) and fossil resource scarcity (kg oil-eq); the scores for all 
environmental indicators are reported in the Supporting Information.  

Results and discussion

Process design

The continuous process for tannin extraction comprises four main steps: (1) 
extraction, (2) concentration, (3) filtration and (4) spray drying, as shown in 
Figure 1. Overall, the process utilised a bark feed of 50 kt/a, including 50% 
moisture, to yield 3.5 kt/a of tannin powder with a solid content of 94%, based 
on a yield of 7.6%. The yield was calculated from the mass balance with 
assumed intermediary yields and solids losses. [41, 42]
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Figure 1. Block flow diagram of the process with TEA and LCA system boundary.

The process flow diagram of the extraction process is presented in Figure 2. 
The primary process equipment was sized based on the mass balance, with 
the inputs outlined in Table 4. The parameters are a combination of 
estimates, and values from previous research on similar process solutions 
for tannin extraction. The stream mass balances, equipment list and utility 
demands are provided in Tables S4, S5 and S6, respectively.

Table 4. Mass balance inputs
Input Value Reference

Dry bark feed (t/a) 50 000 this design
Relative bark volume (%) 12.8 [13]
Dry bark solids content (%) 50 estimate
Screening reject amount (%) 1 estimate
Extraction solid to liquid ratio 0.4 this design
Extraction solids yield (%) 10.2 [41]
Extraction aid amount (m-%) 2.5 [41]
Powdered extract moisture content (%) 6 this design
Buffer solution amount (% of product-
containing stream water content) 1 [42]

Filtration solids loss (%) 23.5 [42]
Spray drying solids loss (%) 5 estimate
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Figure 2. Simplified process flow diagram of the tannin extraction process.

As shown in Figure 2, the process starts with hot water extraction, where the 
bark is fed to a continuous flow impregnator, in which steam-heated 90 °C 
water flows counter-currently to the shredded bark, which is moved with an 
auger conveyor lengthwise through horizontally placed extractor tubes. Bark 
residence time in the extractors is set at 30 minutes, and the solid-to-liquid 
ratio in the extraction is 0.4. The extraction design parameters are presented 
in Table S7. A solids yield of 10% is assumed in the extraction step, based 
on experimental results [41]. To maintain a constant temperature along the 
extractor tubes, steam coils are used to offset the heat losses from the tube 
surfaces. Extraction aid chemicals (NaHSO3 and Na2CO3), amounting to 1% 
of the dry bark mass weight, are added to the water to make the extraction 
process more efficient. From the end of the final extractor pass, the product-
containing stream is routed to an intermediary vessel through a filter to 
remove any larger solids.

The product-containing stream is fed to a falling-film evaporator (step 2), 
operating at 1 atm and 100 °C, to reduce the water content of the product-
containing stream down to 65%, resulting in an evaporation rate of 
24 900 kg/h. It is assumed that no solid content is lost during concentration. 
The falling-film evaporator is designed as a two-stage evaporator with 
mechanical vapour compression and thermal vapour compression systems 
[21], as specified in Table S8. The product-containing stream is circulated in 
the columns, both to increase the concentration and to ensure that a constant 
film is maintained in the column tubes. Water recovered from the evaporator 
system is recycled to extraction (step 1) to decrease the amount of fresh 
water required for the process.
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After concentration, the product-containing stream is sent to a stirred vessel, 
where enzymes are added to liberate carbohydrates from the feed stream. 
The amount of added enzymes is 5 mg/g of total solids in the feed stream 
[42]. To maintain a stable pH in the stirred vessel, a buffer solution of 0.1 M 
sodium acetate is also added to the enzyme mixture. Once the enzymatic 
process is complete and sugar fractions liberated, they are separated from 
the rest of the solution through nanofiltration (step 3). The product-containing 
stream refined is recovered as the retentate. The recovered product is further 
concentrated in this step, with an assumed moisture content of 50%. Solid 
matter loss occurs at this process step as part of the carbohydrate fraction 
goes to the permeate [42]. The liberated carbohydrate fraction is intended to 
be removed at this stage, although a minor loss of the tannin fraction from 
the product-containing stream also takes place.

The retentate is further processed in a spray dryer (step 4), where it is dried 
using steam-heated 140 °C air to obtain a powdered tannin product with 94% 
solid concentration. A wheel atomiser is used to atomise the feed solution. 
The residence time of the feed solution is set at 10 seconds, which is suitable 
for a fine-to-coarse spray when drying to a low final moisture [43]. A 5% solid 
matter vessel loss is assumed to occur in this process step. The energy 
usage of the plant results from heating and cooling requirements, as well as 
the electricity required to run the process equipment. Based on the energy 
balance, the total energy consumption of the plant is 2100 kW, of which 630 
kW is electrical power.

CAPEX and OPEX

With a 25 kt/a bark feedstock capacity on a dry matter basis, the FCI of the 
tannin production plant is 8.1 M€. As presented in Figure 3, process 
equipment and installation are the largest contributors to the overall FCI. The 
total delivered equipment cost is 1.98 M€. The TCI of the tannin extraction 
plant is 9.57 M€. The equipment costs are presented in Table S9 and a 
CAPEX breakdown is provided in Table S10.
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Figure 3. Tannin extraction plant TCI breakdown.

The dewatering energy consumption for the bark resulted in a cost of 
14.6 k€/a, and the potential heating value loss a cost of 169 k€/a, totalling a 
spruce bark feed price of 1.98 €/t. The total OPEX for the tannin extraction 
plant is 5.8 M€/a, with a VOC of 3.4 M€/a VOC and a FOC of 2.4 M€/a. A 
detailed breakdown of the total OPEX is presented in Table S11. As shown 
in Figure 4, process steam and extraction aid chemicals account for the 
largest operational expenditures of the VOC, and plant operator salaries the 
largest of the FOC. The single largest factor in the OPEX was determined to 
be 4.8 bar process steam, at a cost of 1.3 M€/a. The spruce bark pricing 
mechanism discussed above led to the bark being a comparably small factor 
in the total OPEX.
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Figure 4. Tannin extraction plant OPEX breakdown.

Profitability analysis

If the total OPEX of the tannin extraction plant remains relatively constant, 
the gross operating margin of the plant will be heavily dependent on the 
selling price of the final product. The minimum selling price of the tannin 
product, which results in an NPV of zero at the end of the project lifetime, 
was determined to be 2.1 €/kg.

With a lower selling price (1.6 k€/t) scenario, the gross operating margin is -
109 k€/a, and with a higher selling price (2.3 k€/t), the margin is around 2400 
k€/a. With the low-end price, the plant project NPV would be -12 800 k€, so 
the lower selling price scenario was not analysed further due to economic 
unfeasibility. Table 5 presents the key profitability indicators for the proposed 
process, based on a selling price of 2.3 €/kg for the tannin product. The NPV 
of the plant project was found to reach zero during the 11th year of operation, 
as presented in Figure 5. The payback period of the plant project would be 
around 5.5 years.
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Table 5. Economic analysis key indicators
Key figure Value
NPV (k€) 5200

Internal rate of return (%) 16.2
Return on investment (%) 17.4

Payback period (a) 5.5

Figure 5. NPV and cumulative revenue for the plant operating lifetime with MSP and 
2.3 €/kg selling price

Sensitivity analysis

The effects of the overall process yield, costs of process steam, enzymes 
and chemicals (including extraction aid chemicals and sodium acetate), 
discount rate and CAPEX on the NPV and MSP of tannin product, presented 
in Figure 6, were examined through a sensitivity analysis. Overall process 
yield was found to be the most significant factor affecting plant profitability. 
With a yield change of -10% from the base value, the MSP increases to 
around 2.3 €/kg. The steep profitability fluctuation caused by changes in 
overall yield means that yield optimisation is crucial in future development 
work on this type of process. Conversely, the price of the process utilities 
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was found to have a relatively minor impact on the MSP, the range being 2.0-
2.1 €/kg even with ±30% variance from the base values.

Figure 6. Sensitivity analysis for the effect of process (tannin product) yield, chemical and 
utilities on the minimum selling price (left), and NPV (right).

LCA and environmental aspects

The global warming potential was estimated to be 4.5 kg CO2-eq per kg of 
tannin product, stratospheric ozone depletion 6×10-6 kg FCF11-eq and 
terrestrial acidification 0.01 kg SO2-eq. The impacts on land use were 4.7 m2 
crop-eq, and fossil resource scarcity was 1.3 kg oil-eq. The stage-by-stage 
breakdown of the environmental impacts is presented in Figure 7, and 
characterisation scores are detailed in Table S12.
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Figure 7. Relative environmental impacts of each processing stage of the tannin product 
production process. The impact of raw materials, utilities and waste processing is embedded 
in the production process.

Notably, most of the environmental impacts originate from the extraction 
stage, which is explained by the fact that the majority of the feedstocks, such 
as bark, water and extraction aid chemicals, are introduced at this stage. 
Furthermore, spent bark is generated during this stage. The second most 
significant impact is from the concentration stage due to the considerable 
utility consumption in the form of steam and electricity.
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Figure 8. Environmental impacts of the feedstock and waste of the tannin extract production 
process.

The environmental impacts of the feedstock and waste materials of the tannin 
product production process are presented in Figure 8, and the 
characterisation scores are given in Table S13. The use of steam has the 
highest effect on global warming potential, at 39%. It also has a significant 
impact on terrestrial acidification and fossil resource scarcity impact 
categories. Therefore, to achieve increased environmental benefits it would 
be important to optimise energy consumption and to select lower carbon 
energy sources. Utilizing natural gas for process steam generation instead 
of the current European chemical industry steam supply would decrease the 
GWP to 4.0 kg CO2eq per kg of tannin product and reduce the steam 
contribution to 31%. Using wood pellets for process steam would further 
decrease the GWP to 3.0 kg CO2eq per kg of tannin product, with steam 
accounting for only 8% of impacts; in this scenario, the main environmental 
impacts would arise from bark use (25%) and spent bark (29%). 

Bark as a feedstock and spent bark as a waste also have a significant impact 
on all the above-mentioned categories. In addition, bark, as a feedstock, 
accounts for 97% of the impact on land use. To minimise the environmental 
impacts per functional unit (1 kg tannin product), it is essential to maximise 
product yield. A 10% relative decrease in yield from 7.6% to 6.8%, with bark 
input held constant and the lower extraction rate reflected in the product 
mass, increases the global warming potential from 4.5 to 4.7 kg CO2-eq per 
kg tannin. This can be addressed by further developing the extraction 
process, for example through cascade extraction.

Challenges and future outlook in commercial scaling

Feedstock variability, transportation and storage

As a natural material, tree bark can have significant variability in its 
composition [44], which may have an effect on the process yield. Compared 
to natural variability, an even more significant effect stems from the 
conditions in which the logs and bark material are stored. The longer the logs 
spend in storage, and the bark spends in storage after debarking, the more 
the polyphenolic compounds will decompose [44]. Warmer temperatures 
during the summer accelerate the breakdown of the valuable polyphenolic 
compounds. These factors may result in the fluctuating quality and yield of 
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the final product. As discussed in the sensitivity analysis, the overall process 
yield heavily dictates the economic feasibility of the tannin production plant. 
Special attention must be paid to the supply chain and ensuring that the time 
between debarking and the extraction process is as short as possible. 
Although the bark supply logistics are critical in terms of bark compound 
decomposition, the bark supply itself is stable under normal pulp mill 
operation, as the debarking takes place on site.

Competition in the tanning agent market and leather industry

From the consumption data in leather tanning processes and the price of the 
various tanning agents presented in Table S14, it can be seen that vegetable-
derived tannins are most likely unable to compete with chromium sulfate in 
terms of leather production cost. Chromium-based tanning agents are in 
most cases cheaper and less chemical is required to complete the tanning 
process. In addition, they often have a shorter processing time than 
vegetable tanning, resulting in a more economically favourable process [45]. 
However, the chromium tanning agents are fossil-based and the effluents 
from chromium-based tanning processes are in general more toxic to human 
and the environment, due to the existence of hexavalent chromium Cr(VI). 
The health and environmental factors of the chromium tanning agents can 
be seen as an advantage for the tannin product derived from spruce bark.
Considering other vegetable-derived tannins, such as from mimosa and 
quebracho, the spruce bark tannin product is most likely competitive in terms 
of price. The definitive advantage of the spruce bark tannin product is that 
the raw material is readily available as a side stream, not only in the Nordic 
countries, with little additional investment requirements for transporting the 
raw material to be used in the extraction process. Vegetable- and chrome-
tanned leathers differ in terms of their general characteristics, and currently 
over 85% of the leather produced in the world is chrome-tanned [9, 45]. The 
market growth of vegetable-tanned leather will in part dictate how much 
demand, and in turn how much economic potential, there will be for a spruce 
bark tannin product in the tanning agent context.

Global market characteristics also vary between vegetable-tanned and 
chrome-tanned leather products, and since the tannin product is aimed for 
use in the leather industry, the demand for the tannin product is directly tied 
to the demand of vegetable-tanned leather. This factor may affect the selling 
price of the tannin product and the key economic indicators of the plant 
project. Since the viable selling price range is quite narrow, price fluctuations 
should be considered when scaling up to an industrial-scale production plant.
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Tannin extraction plant integration to an existing pulp mill

Another critical factor is the environmental permit of the pulp mill to which the 
tannin extraction plant is to be integrated: the permit most likely requires 
expanding, as the tannin extraction plant produces additional waste and 
wastewater treatment requirements. Modifying the environmental permit will 
most likely result in additional costs which have not been considered in the 
economic figures calculations. Site logistics and infrastructure for 
transporting the bark from debarking to the tannin production plant must also 
be considered, resulting in additional costs.

Increasing the economic potential of tannin extraction from spruce 
bark

A way of increasing the profitability of the plant project would be to extract 
other valuable compounds, such as the stilbenes present in the bark [46], as 
their market has an estimated CAGR of 6.2% from 2025 to 2034 [47]. The 
wide range of applications across industries for stilbenes could open 
additional sources of income for the plant, assuming they can be separated 
efficiently. Larger plant capacities should also be examined, as sufficient 
volumes of bark material would be available for processing [2]. A larger 
production capacity could leverage better economies of scale in production, 
assuming a supply chain can be established to provide the plant with the 
required amount of bark in addition to that of a single pulp mill.

Conclusions

This research lays out a technically and economically feasible process for 
extracting tannins from Norway spruce bark on an industrial scale. The 
extracted tannin product is most likely readily applicable in the leather 
industry for the tanning of leather, although more research on the tanning 
application would be beneficial. The production plant is intended to be 
integrated into an existing pulp mill, and the process would be able to 
produce a highly concentrated tannin product, with a minimum selling price 
of 2.1 €/kg by utilising the residue bark from the main pulp mill. The sensitivity 
analysis showed that the overall yield has a significant effect on profitability, 
meaning that a yield of at least 8% should be the main goal when scaling up 
this process for an industrial plant. The other parameters investigated in the 
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sensitivity analysis were found to have a much smaller impact on MSP and 
NPV. A change of ±10% in the yield resulted in an MSP range of 1.9 to 2.3 
€/kg, meaning there is also significant gain to be achieved with a relatively 
small increase in the yield. If the target yield is not reached, the production 
cost per kilogram of tannin product becomes higher, and the economic 
feasibility of the plant lower. A selling price of 2.3 €/kg, which results in an 
overall profitable plant project, is reasonable based on existing import and 
export data.

The process uses advanced and widely used process solutions and saves 
energy and costs by utilising steam recycling and a nearly closed water 
system. The process produces negligible waste, as after the tannin 
extraction, the bark can be used for energy production. In addition, the 
calorific value of the extracted bark is not significantly reduced in the 
extraction process.

In the tannin market, the major competitors of spruce bark tannin are other 
vegetable-derived tannins, produced from trees such as quebracho and 
chestnut. The reasonably low production cost of the tannin product is an 
advantage in the vegetable-derived tannins market, and the tannin product 
is not limited for use in the leather industry alone. Although economically 
feasible, it is unlikely that the spruce tannin product would be able to compete 
against the chrome-based tanning agents based purely on pricing.

The global warming potential of the tannin product is estimated to be 4.5 kg 
CO2-eq per kg of dry tannin extract. The usage of steam has the highest 
impact on global warming potential, which can be mitigated by heat 
integration to reduce steam demand and by switching to another heat source 
such as biomass to the reduce the GWP. In addition to heat integration, the 
energy needs can be covered by the pulp mills excess energy generation 
from the side streams [48], and in this case the steam required by the tannin 
plant would most likely be produced utilising biomass. Bark as a feedstock 
and spent bark as a waste material also have a significant impact on the 
global warming potential, and thus it would be important to maximise the 
product yield by optimising the operating conditions during the extraction 
stage.  

In addition to steam, the addition of extraction aid chemicals and enzymes to 
the process proved to be major cost components, at 11% and 13% of the 
total OPEX, respectively. For this reason, special attention must be paid to 
optimising the level of chemical use in the respective process steps, and in 
the case of extraction aid chemicals, some form of recovery system should 
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be implemented. The usefulness of the concentration step before 
nanofiltration can be questioned: more dilute tannin solution could be fed 
directly through nanofilters, essentially trading a lower amount of process 
equipment for higher filter investment and operating costs.

Based on this techno-economic assessment of the tannin extraction process 
from spruce bark, it can be concluded that the extracts produced with the 
planned process and the selected capacity have significant economic 
potential. In addition to generating economic value, the spruce-based extract 
shows good promise for increasing the degree of refinement in the forest 
industry value chain and would help enable more sustainable processes in 
the leather industry.
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