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GRAPHICAL ABSTRACT

e The method can simultaneously
improve  both  financial  and
environmental productivity.

e Application of MFCA revealed hidden
costs and negative by-products.

e The results provide a practical
framework for expanding circular
economy  practices in  similar
industries.
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One of the crucial factors influencing economic growth and sustainable
development is the improvement of productivity in production factors. In
today’s world, scarcity of resources and the necessity of environmental
preservation have led productivity approaches toward green productivity
and the economy toward a circular model. Achieving circular economy goals
requires appropriate methods and tools capable of evaluating the
environmental and financial impacts of process improvements. Material
Flow Cost Accounting (MFCA), as a standardized tool for assessing material
and financial flows within companies, provides an opportunity to meet both
economic and environmental objectives simultaneously. In this study,
MFCA was implemented in the brine purification unit of a chlor-alkali
complex to optimize its financial productivity system while integrating
circular economy principles into the process. By analyzing material flows
and associated costs, hidden losses related to negative by-products such as
sludge and scale were identified, and improvement opportunities were
highlighted. A comprehensive analysis before and after implementing
MFCA-based improvements revealed a reduction of 121 tons in undesirable
products and a 0.795% financial saving in waste costs. Consequently, the
company’s profit increased by approximately 11 billion IRR within six
months (2022) due to cost reductions. These findings not only demonstrate
the effectiveness of MFCA in waste minimization and system productivity
enhancement but also emphasize its positive economic impact. The
promising results of this research provide a practical framework for
extending MFCA application across other industrial sectors, enabling data-
driven decision-making for managers.
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1. Introduction

In recent decades, green productivity (GP) has
emerged as a strategy to simultaneously enhance
productivity and environmental performance,
promoting sustainable development by harmonizing
economic growth with environmental protection. GP
integrates suitable technologies and management
techniques to produce environmentally friendly
goods and services, boosting profitability while
reducing ecological harm (Fallah et al.,, 2015). This
aligns with the green economy, which improves
human well-being and social equity without
depleting resources for future generations (Gouvea
et al., 2013). The green economy has driven policies
toward clean technologies, renewable energy, green
transportation, waste management, and sustainable
agriculture.

Transitioning to a circular economy (CE) contrast
with the linear economy's resource extraction, mass
production, consumption, and waste disposal model.
CE emphasizes recycling and reusing products and
materials to minimize waste and preserve value (S
et al.,, 2022; Millar et al.,, 2019; Gusmerotti et al.,
2019). Material Flow Cost Accounting (MFCA), based
on ISO 14051, 14052, and 14053 standards, serves as a
key environmental management accounting tool. It
quantifies material and energy flows and associated
costs, identifying waste to enhance resource
efficiency and support CE objectives.

This study focuses on implementing MFCA in the
brine unit of a chlor-alkali complex, analyzing mass,
financial, and process data over a six-month period
in 2022. Data were collected from primary sources
(interviews, surveys, on-site observations) and
secondary sources (company records, financial
reports, environmental performance data). The
research  identifies waste points, proposes
improvements, and evaluates their impacts on waste
reduction and  productivity = enhancement.
Limitations include potential data inconsistencies,
company reluctance to collaborate, and context-
specific  generalizability. Innovations include
integrating economic perspectives into MFCA,
developing a conceptual model for green financial
productivity optimization, and proposing economic-
management packages for profitability, financial
productivity, and environmental performance.

2. Methodology

The circular economy counters the linear model's
inefficiencies by promoting regenerative systems
where materials are reused, reducing environmental
degradation and resource depletion. MFCA links CE
by quantifying waste costs and providing preventive
strategies, enhancing cost management,
competitiveness, and environmental protection
(Sahu et al, 2021). MFCA's conceptual model
categorizes products into positive (desired outputs)
and negative (waste, emissions), evaluating
economic and environmental inefficiencies. It

allocates costs into four categories: material costs
(MC), energy costs (EC), system costs (SC), and
waste management costs (WC). Waste management
prioritizes reduction, reuse, recycling, and disposal
to minimize environmental impacts.
Implementation follows a cyclical approach akin to
Kaizen and Deming's PDCA cycle, combining top-
down and bottom-up strategies (Christ & Burritt,
2016). Key steps include: (1) defining quantity
centers (QCs) for input/output measurement; (2)
data collection on material and energy flows with
annual mass balance; and (3) cost calculation and
evaluation, allocating MC, EC, SC, and WC. In this
study, MFCA was applied to the brine unit, involving
process description, mass balance, cost allocation,
waste identification, and improvement proposals
based on six-month data.

3. Results and Discussion

The brine unit in the chlor-alkali complex prepares
saturated, purified brine through saturation, primary
purification, and secondary purification stages. Raw
salt (powder or chunks) is screened for impurities,
mixed with recycled brine to reach 270 g/L
concentration, then saturated to 300 g/L.
Purification uses physical-chemical methods
(filtration, microfiltration, pH adjustment with HCI)
to reduce Ca and Mg ions below 20 ppb, followed by
resin adsorption. Purified brine is sent for
electrolysis. A conceptual model defined QC for
MFCA analysis. Mass balance revealed total inputs of
142,783,211 kg over six months, with recycled brine
(80.4%) and salt (10.9%) dominating. Positive
outputs were mainly saturated brine, while negative
products included solid cake (461,500 kg) and water
vapor (21,235 kg). Overall, 99.648% converted to
positive products, with 0.352% as waste—seemingly
low but significant at ~500,000 kg. Cost balance
identified wastes, with solid cake comprising over
90% of losses. Material allocation showed purified
brine taking most recycled brine and salt, while
wastes absorbed high shares of chemicals like
sodium carbonate, barium chloride, and alpha-
cellulose, indicating inefficiencies in purification.
Total costs were dominated by materials (96.63%),
followed by energy, system, and waste management.
Negative products accounted for 3.2% of costs,
equating to substantial financial loss given
production scale. Improvements reduced mass waste
by 0.085% (121 tons) and costs by 0.795% (>11 billion
IRR savings) over six months, increasing positive
product shares.

4. Conclusions

MFCA feasibility in recovering valuable ions from
solid cake warrants lab-scale testing and industrial
scaling for economic and environmental gains.
Upgrading salt storage prevents quality loss and
groundwater pollution. Enhancing measurement
tools enables real-time mass balance monitoring. CE
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principles suggest reusing vapor via heat recovery,
repurposing solids as fertilizers/building materials,
treating wastewater for reuse/bioenergy, and
recycling resin wash water/resins. A hybrid MFCA-
CE model is recommended, starting with MFCA for
cost/waste reduction before CE integration. Extend
MFCA with lifecycle assessments and environmental
accounting for simultaneous financial-
environmental optimization. Apply MFCA across the
supply chain for overall efficiency. MFCA integration
with CE enhances financial productivity and
environmental performance, revealing waste points
and enabling preventive measures. Six-month
reductions in waste (121 tons) and costs (>11 billion
IRR) underscore its potential for sustainability and
competitiveness in similar industries.
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Figure 2. The concept of the circular economy.
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Figure 8. Conceptual model and quantitative centers (QC) in the brine unit of the chlor-alkali complex.
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Table 2. Separation of positive and negative
products produced in the brine unit
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Table 3. Overall mass balance per unit of brine
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Table 4. List of wastes identified in the brine unit
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Table 5. Mass ratio of raw materials in different products of the brine unit
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Table 6. Cost breakdown per unit of brine
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Table 7. Percentage distribution of costs in positive and negative products
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Table 8. Overall mass balance of the unit after implementing the solutions
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Figure 9. Comparison of positive and negative products before and after implementing improvement strategies
based on MFCA.
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Figure 10. Financial comparison of positive and negative products before and after implementing improvement
strategies based on MFCA.
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