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ABSTRACT

The growing demand for sustainable alternatives to petroleum-based products drives the devel-
opment of biomanufacturing using agriculture-based sugars. However, agricultural sugar produc-
tion faces significant challenges due to limited production capacity and potential negative envi-
ronmental impacts. This research examines chemical sugar synthesis as an alternative, assessing
its environmental impact with conventional agricultural production methods through life cycle as-
sessment. As formaldehyde serves as a primary substrate in chemical synthesis, four production
cases were evaluated—comprising two pathways (conventional methods and CO, capture and
utilization (CCU) technologies), each implemented with either fossil fuels or renewable energy
sources. The analysis revealed that semi-batch reactors in chemical synthesis substantially re-
duce environmental impacts compared to batch reactors. Chemical sugar synthesis demonstrated
marked advantages in reducing eutrophication, land use change, and water resources consump-
tion across all formaldehyde production methods evaluated. However, the formaldehyde produc-
tion process was identified as the determining factor in the overall environmental profile. While
chemical synthesis offers environmental advantages in several categories, implementing CCU
technologies with renewable energy integration remains necessary to reduce climate change im-
pacts and resource consumption. This work demonstrates the potential of optimized chemical
sugar synthesis as an alternative to agricultural sugar production and provides direction for future
process development.
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INTRODUCTION

Sugar supply in biomanufacturing

The transition away from dependence on fossil fuels
is a critical challenge faced by the global community, and
the shift toward the production of materials and energy
using biomass as a raw material is accelerating. Cur-
rently, the most commonly used sources of reducing
power and carbon for the bio-based production of valu-
able substances are sugars (agriculture-based sugars)
obtained from crops such as sugarcane and corn. Bio-
production processes utilizing these sugars have been
https://doi.org/10.69997/sct.124214
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shown to reduce greenhouse gas emissions compared to
fossil fuel-based processes [1]. However, the production
volume of agriculture-based sugars is insufficient to
meet the massive demand for fuels and chemicals, and
excessive industrial use of such sugars risks competing
with food supply demands [2]. Additionally, concerns
have been raised regarding potential decreases in crop
yields due to climate change and supply instability arising
from geopolitical risks.

Sugar synthesis and its life-cycle assessment

Against this background, research has been
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conducted to synthesize these sugars through catalytic
processes that do not rely on agriculture [3]. The chemi-
cal synthesis of sugars is achieved by integrating the
production of formaldehyde via CO, reduction with sugar
synthesis reactions using formaldehyde as a raw material
(Figure 1). Compared to photosynthesis processes that
agriculture-based sugars depend on, this method is sig-
nificantly faster, allows for production near consumption
sites, and drastically reduces the consumption of re-
sources such as land and water [4]. As a result, it is ex-
pected to address the challenges of raw material supply
in bio-production. On the other hand, this method re-
quires more energy compared to conventional agricul-
tural processes, posing challenges in terms of electricity
procurement and economic feasibility. Nonetheless, bio-
production technologies are essential for the transition to
a circular economy, and systems capable of supplying
raw materials in large quantities and with stability are
equally necessary. Therefore, it is crucial to provide
quantitative and objective insights into the changes
brought about by the introduction of such technologies,
including energy requirements and environmental im-
pacts.
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Figure 1. A scheme of biomanufacturing using chemically
synthesized sugars as the substrates.
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In this study, to determine whether the challenges
of raw material supply in biomanufacturing can be ad-
dressed through the chemical synthesis of sugars, the
energy requirements and environmental impacts of each
process were evaluated using life-cycle assessment
(LCA).

MATERIALS & METHOD

Numerical simulation

The time-dependent concentration changes of re-
actants and products in the chemical reaction were mod-
eled using a set of coupled ordinary differential equations
(ODEs). These equations were derived from the reaction
rate laws, assuming homogeneous reaction conditions.
The system of ODEs was solved numerically using
MATLAB (version R2024b, MathWorks, Natick, MA, USA).
The ode45 solver, based on an adaptive Runge-Kutta
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(4,5) method, was employed. The reaction rate constants
were taken from the literature [5].

Life-cycle assessment

Goal and Scope Definition

The primary goal of this study is to evaluate the en-
vironmental impacts associated with the chemical syn-
thesis of sugar using a simulation-based yield of the re-
action. The assessment was conducted following the ISO
14040 and ISO 14044 standards. The functional unit was
defined as 1 kg of synthesized sugar, and the system
boundary encompassed a "cradle-to-gate" approach, in-
cluding raw material extraction and chemical synthesis.

System Boundaries

The LCA model encompassed four primary stages:
raw material acquisition, chemical reaction (modeled us-
ing MATLAB to calculate sugar yield), catalyst removal,
and product concentration. For the procurement of for-
maldehyde as a feedstock for chemical synthesis, two
methods of production were considered: conventional
production from fossil fuels based on the IDEA database,
and production via CO2 capture and utilization (CCU)
technologies [6]. As the synthesized sugar product is in-
tended to be used directly as a substrate for biopro-
cesses following concentration of the product [7], no fur-
ther purification of the sugar product was considered. In-
frastructure development, maintenance, and the trans-
portation of raw materials and final products were ex-
cluded from the system boundary, as their contributions
were deemed negligible for this study.

Environmental impact assessment

The life-cycle inventory was calculated using data
obtained from the following sources: Material and energy
balances were calculated based on stoichiometric equa-
tions and simulation results from the material balance and
energy consumption for the reaction. Background data
such as energy production and chemical manufacturing
were sourced from the IDEA ver. 3.4.1 database.

Environmental impacts were assessed using life-cy-
cle impact assessment (LCIA) methods. Global warming
potential was evaluated using climate change factors
from IPCC 2021 GWP 100a with LULUCF (Land Use,
Land-Use Change and Forestry). The other environmen-
tal impacts, including eutrophication, land use (transfor-
mation), resource consumption, and water resources
consumption were assessed using the LIME2 (Life-cycle
Impact assessment Method based on Endpoint modeling
2) methodology.

RESULTS & DISCUSSION

Kinetic simulation of the formose reaction
The kinetic simulation of the formose reaction were
1537



performed using the mathematical model proposed by
Socha et al. (1981) [5], which consists of a system of dif-
ferential equations describing the concentration changes
of formaldehyde and carbohydrates (C2-C7) over time.
The model incorporates five key reactions: (1) aldol con-
densation of formaldehyde with sugars, (2) aldol conden-
sation between sugars, (3) retro-aldol reaction of sugars,
(4) Cannizzaro reaction, and (5) saccharinic acid for-
mation.

The simulation was performed using MATLAB to
solve the coupled differential equations numerically. The
results demonstrated that the total yield of sugars (C2-
C7) reached 65.2% under the given reaction conditions
(40°C, 200 minutes, initial formaldehyde concentration of
4.5% (w/w)) (Figure 2). This value represents the com-
bined yields of various carbohydrates formed through
the complex reaction network. The obtained sugar yield
was subsequently used as a basis for mass balance cal-
culations in the sugar synthesis process design.
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Figure 2. Simulation results showing the concentration
changes of formaldehyde and each sugar species (C2-
C7) during the formose reaction.
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Environmental impact assessment of sugar
synthesis

Mass and energy balances were calculated for each
process step in the chemical synthesis of sugars, includ-
ing the thermal reaction, catalyst removal, and the evap-
orative heating for removal of residual substrate and wa-
ter solvent. The theoretical energy requirements for
heating and evaporation processes were determined us-
ing thermodynamic properties. To account for real pro-
cess conditions, an energy efficiency factor of 70% was
applied to calculate the actual energy requirements for
each unit operation.

Figure 3 shows the environmental impacts of the
sugar synthesis process when using a batch reactor for
the formose reaction. The results were categorized into
five impact categories: climate change, eutrophication,
land use (transformation), resource consumption, and
water resources consumption. The impacts were pre-
sented as relative contributions (%) of each input: formal-
dehyde (37% aqueous solution), water, calcium hydrox-
ide, sulfuric acid, and heat energy. As shown in Figure 3,
the impact of heat energy was significant in the catego-
ries of climate change, land use (transformation), and
water resources consumption. The contribution of heat
energy was particularly large in these categories, ac-
counting for more than 50% of each impact. In the cate-
gory of eutrophication, the impact of formaldehyde was
dominant, accounting for more than 50% of the total im-
pact. For resource consumption, both formaldehyde and
heat energy showed significant contributions.
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Figure 3. Contribution of each input to the environmental
impacts (climate change, eutrophication, land use
(transformation), resource consumption, and water
resources consumption) in the sugar synthesis process
using a batch reactor.

Importantly, the formose reaction possesses an au-
tocatalytic reaction cycle [8], allowing for continuous

1538



sugar synthesis by continuously adding formaldehyde
during the reaction, that is, by adopting a semi-batch re-
actor. Therefore, the impact on climate change by adopt-
ing a semi-batch reactor was evaluated (Figure 4). The
vertical axis shows the GHG emissions per 1 kg sugar
produced, and the horizontal axis shows the product
concentration. It was revealed that by increasing the
product concentration through continuous addition of the
substrate, the amount of calcium hydroxide used as a
catalyst and the energy required for the concentration
process can be significantly reduced. For example, in-
creasing the product concentration to 20% (w/w) can re-
duce GHG emissions by more than 60% compared to the
use of a batch reactor where the product concentration
was 4.5%. This reduction is mainly attributed to the de-
creased energy needed for evaporating water in the con-
centration process due to the higher sugar concentration,
as well as the reduced amount of calcium hydroxide used
per unit of sugar produced. These findings demonstrate
the effectiveness of the semi-batch reactor in improving
energy efficiency and reducing the environmental impact
of sugar synthesis.
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Figure 4. Changes in GHG emissions (kg CO2-eq) per
input with increasing product concentration when using
a semi-batch reactor.

Figure 5 shows the contribution of each impact cat-
egory when a semi-batch reactor is adopted, and the
product concentration is increased to 20% (w/w). As the
contribution of heat energy decreased, the contribution
of formaldehyde became dominant in each environmen-
tal impact. This highlights the significant influence of the
formaldehyde production process on the overall environ-
mental performance of sugar synthesis. These findings
suggest that improving the manufacturing process of the
substrate, formaldehyde, is a crucial factor in reducing
the environmental impact of chemical sugar synthesis.
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Figure 5. Contribution of each input to the environmental
impacts (climate change, eutrophication, land use
(transformation), resource consumption, and water
resources consumption) in the sugar synthesis process
using a semi-batch reactor with a product concentration
of 20%.

Changes in environmental impact due to the
adoption of CO, conversion technology

Building upon the previous findings highlighting the
significant contribution of formaldehyde to the environ-
mental impact, the environmental impact of formalde-
hyde production using CO2 as a raw material was evalu-
ated. The assessment employed inventory data from ex-
isting literature for the CAMERE process to model CO2
utilization [6]. Figure 6 illustrates a comparison of GHG
emissions across different cases. Cases A and B repre-
sent conventional formaldehyde production methods.
Case A utilized the IDEA database's local heat supply
(global) as the emission factor for heat energy, while
Case B assumed that heat energy was supplied by re-
newable energy (geothermal energy). In contrast, Cases
C and D represent formaldehyde production via CCU
technologies. Case C assumed that the required hydro-
gen is derived from natural gas, with the heat energy
source being the same as in Case A. Case D assumed that
the required hydrogen was obtained from water electrol-
ysis powered by geothermal power generation, and also
the heat energy was supplied by geothermal. Further-
more, since the carbon source for the sugar produced in
Cases C and D was CO., the calculated emissions took
into account the amount of CO2 absorbed.
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Figure 6. Comparison of GHG emissions (kg CO2-eq) per
kg of sugar produced under four different cases (Cases
A-D). Cases A and B represent conventional
formaldehyde production methods, while Cases C and D
represent formaldehyde production methods utilizing
CO32. Cases A and C assume heat supply mainly from
fossil fuels, and Cases B and D assume heat supply from
geothermal power generation.

CO, absorption

Figure 6 compares the GHG emissions for the four
different cases, highlighting the significant impact of the
formaldehyde production method. In Case A, which used
the current energy supply as energy resources, the GHG
emissions were estimated to be approximately 3.5 kg
CO: per 1 kg of sugar. Using renewable geothermal en-
ergy for the heat energy in Case B reduced the emissions
to around 2.4 kg CO2. However, when CO2 was used as
the raw material in Case C, the emissions increased to
approximately 4.6 kg CO2, primarily due to the natural
gas-derived hydrogen. Despite CO2 uptake, the overall
emissions remained high. In stark contrast, Case D, which
utilizes hydrogen produced from water electrolysis pow-
ered by geothermal energy and uses geothermal energy
for heat, achieved a remarkable reduction in emissions,
resulting in approximately -0.6 kg CO2. This negative
value signifies that the process absorbs more CO: than it
emits (although it is important to note that the synthe-
sized sugar will eventually be emitted as CO2 during its
use and disposal, so this does not mean that the emis-
sions are negative over the entire life-cycle). These re-
sults clearly demonstrate that while adopting CCU tech-
nologies is a promising approach, the introduction of re-
newable energy is indispensable for maximizing its envi-
ronmental benefits. Without the integration of renewable
energy, the benefits of CCU technologies may be signif-
icantly diminished, and could even lead to a higher GHG
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footprint than conventional methods, as observed in
Case C.

Comparison with agriculture-based sugar

Figure 7 compares the environmental impacts of the
four cases (A-D) described in the previous section with
those of agriculture-based sugar production across five
environmental impact categories. The values are normal-
ized, setting the largest environmental impact among the
compared cases to 1 for each impact category. It should
be noted that their functional unit differs from that of ag-
riculture-based sugars (glucose in this case) while chem-
ically synthesized sugars are reported to be metaboliza-
ble by microorganisms [9] and usable as a raw material
for biomanufacturing [7]. The results showed that re-
gardless of the case, the adoption of chemical sugar syn-
thesis technology could significantly reduce environmen-
tal impacts in terms of eutrophication, land use (transfor-
mation), and water resources consumption. For instance,
the impact on eutrophication from chemical synthesis
was, at most, approximately 1/10,000th (Case A), and
could be as low as approximately 1/24,000th (Case D) of
agriculture-based sugar. Similarly, the impact on land use
was between approximately 1/70th (Case C) and 1/140th
(Case D), and the impact on water resources consump-
tion was between approximately 1/9th (Case A) and
1/30th (Case D) that of agriculture-based sugar. On the
other hand, in terms of climate change and resource con-
sumption, the introduction of CCU technologies, prem-
ised on the implementation of renewable energy, was es-
sential for reducing environmental impact.
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Figure 7. A radar chart of indices for all cases of sugar
synthesis and agriculture-based sugar, the values of
which are normalized as the maximum one in an indicator
is setto 1.
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CONCLUSION

This study assessed the environmental impact of
chemical sugar synthesis as an alternative to agriculture-
based sugar production. The results demonstrated that
the chemical synthesis of sugar, particularly when adopt-
ing a semi-batch reactor, can significantly reduce envi-
ronmental impacts in terms of eutrophication, land use,
and water resources consumption compared to conven-
tional agriculture-based sugar production. However, the
study also highlighted the crucial role of formaldehyde
production in the overall environmental footprint. The in-
troduction of CCU technologies for formaldehyde pro-
duction, premised on the implementation of renewable
energy, proved essential for reducing the environmental
impact, particularly regarding climate change and re-
source consumption. Case D, utilizing both CCU and ge-
othermal energy, showed the most promising results
among the cases. The findings provide valuable insights
for process optimization and future research directions,
particularly in the development of more efficient and sus-
tainable formaldehyde production technologies. Further
studies should investigate the economic feasibility and
scalability of the proposed process, and also focus on a
more detailed analysis considering other potential envi-
ronmental impacts.

The environmental impact of the excessive expan-
sion of agriculture-based sugar utilization has been
pointed out in the past. However, as of yet, no replace-
ment methods have been established. In contrast, chem-
ical sugar synthesis is much faster than the agricultural
process, and it consumes far fewer resources, such as
land and water. This study quantitatively demonstrates
the social significance of supplementing sugar produc-
tion with chemical synthesis processes. Consequently, it
is expected to provide new methodologies and perspec-
tives for the field of biomanufacturing, which has been
based on the use of agriculture-based sugars, and ulti-
mately for the entire carbon resource recycling system,
including food production.
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