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Abstract: Environmental regulation is increasingly expected not only to reduce carbon emissions but also to
promote sustainable value creation through positive environmental incentives. However, existing studies generally
examine carbon pricing, carbon handprints, and sustainable value creation separately, leaving the economic
mechanism linking these research streams insufficiently explained. This conceptual paper develops a unified
theoretical framework that integrates carbon pricing, recognized carbon handprints, and institutional recognition
into firms' production decisions. Using an optimization-based analytical approach, the framework examines how
carbon-pricing costs and the recognized economic value of avoided emissions jointly affect firms' optimal
production decisions. The analysis shows that institutional recognition transforms avoided emissions into
measurable economic value and identifies the threshold at which environmental regulation shifts from a
compliance-oriented mechanism toward sustainable value creation. The findings suggest that carbon pricing and
carbon handprint recognition can operate as complementary policy instruments. Policymakers may therefore
strengthen climate-policy effectiveness by combining carbon-cost internalization with institutional mechanisms
that reward positive environmental performance. As a conceptual study, the analysis does not rely on empirical
datasets.

Keywords: Carbon pricing; Carbon handprints; Institutional recognition; Sustainable value creation; Climate
policy.

Introduction

Environmental regulation is increasingly expected not only to reduce carbon emissions through
regulatory compliance but also to encourage positive environmental contributions. Carbon
pricing has become a cornerstone of contemporary climate policy by assigning an explicit
economic cost to greenhouse-gas emissions and encouraging firms to adopt cleaner production
technologies (Porter & van der Linde, 1995; Nordhaus, 2019). Although carbon pricing
promotes environmental efficiency by internalizing emission-related costs, growing attention
is being directed toward policy mechanisms that also recognize and reward environmentally
beneficial activities. This development reflects a broader shift in climate policy from a
predominantly compliance-oriented approach toward sustainable value creation, creating a
need for conceptual frameworks that explain how positive environmental contributions
influence firms' economic decisions.

Carbon pricing is widely recognized as one of the most effective market-based instruments for
mitigating greenhouse-gas emissions because it encourages firms to internalize environmental
costs while maintaining flexibility in production and investment decisions (Porter & van der
Linde, 1995; Aldy & Stavins, 2012; Nordhaus, 2019). Consequently, the existing literature has
primarily examined firms' responses to climate policy through environmental compliance,
emission reduction, and the internalization of carbon-related costs. This perspective has
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substantially advanced our understanding of the economic effects of environmental regulation.
However, focusing exclusively on cost internalization provides only a partial explanation of
firms' environmental decision-making. In practice, firms increasingly pursue environmental
strategies not only to reduce compliance costs but also to create long-term economic value
through cleaner production and sustainable innovation. This development suggests that an
effective climate-policy framework should incorporate mechanisms capable of recognizing and
rewarding positive environmental contributions in addition to pricing carbon emissions.
This changing policy perspective has led to increasing attention to carbon handprints, which
emphasize positive environmental contributions generated through cleaner technologies and
sustainable production (Grénman et al., 2019; Tuppura et al., 2024; Eberhardt et al., 2024).
Unlike conventional carbon-footprint measures that primarily quantify environmental burdens,
carbon handprints highlight the environmental benefits created by reducing or avoiding
emissions. As a result, they provide a broader perspective for evaluating firms' environmental
performance. Despite this growing interest, the economic role of carbon handprints remains
insufficiently understood. Existing studies have primarily focused on environmental
measurement and sustainability assessment, while relatively little attention has been devoted
to explaining how positive environmental contributions influence firms' production decisions
or create measurable economic incentives. Consequently, an important conceptual question
remains unresolved: How can positive environmental contributions become measurable
economic incentives that influence firms' production decisions under carbon pricing?
Although carbon pricing, carbon handprints, and sustainable value creation have each attracted
increasing academic attention, they have largely developed as separate lines of research.
Consequently, existing studies do not explain how positive environmental contributions can be
systematically incorporated into firms' production decisions or transformed into measurable
economic value within a unified optimization framework. This missing analytical linkage
limits our theoretical understanding of how environmental regulation influences firms beyond
conventional cost internalization. To address this issue, this conceptual paper introduces
institutional recognition as the economic mechanism that connects recognized carbon
handprints with firms' production decisions. By explicitly incorporating institutional
recognition into a unified optimization model, the proposed framework explains how positive
environmental contributions become measurable economic incentives and identifies the
conditions under which environmental regulation evolves from compliance to sustainable value
creation.
This conceptual paper develops a unified theoretical framework that integrates carbon pricing,
recognized carbon handprints, and institutional recognition within firms' production decisions.
The framework offers a theoretical perspective on how environmental regulation may evolve
from compliance toward sustainable value creation.
The remainder of this paper is organized as follows. Section 2 reviews the relevant literature
and identifies the research gap. Section 3 presents the theoretical framework and analytical
methodology. Section 4 reports the main analytical results, Section 5 discusses their theoretical
and policy implications, and Section 6 concludes the paper.

Literature review

Carbon pricing and firms' production decisions

Carbon pricing has become one of the principal market-based instruments for addressing
climate change by incorporating the environmental costs of greenhouse-gas emissions into
firms' economic decision-making. Rather than prescribing specific abatement technologies,
carbon-pricing mechanisms influence firms' production, investment, and innovation decisions
by assigning an explicit economic cost to carbon emissions. Consequently, firms are
encouraged to reduce emission intensity through market incentives while retaining the
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flexibility to determine their own production strategies (Porter & van der Linde, 1995;
Nordhaus, 2019).
A growing body of research has investigated how carbon pricing influences firms' production
behavior and economic performance. Existing studies generally conclude that higher carbon
prices increase production costs, alter firms' input choices, encourage technological upgrading,
and accelerate investment in cleaner production technologies (Aldy & Stavins, 2012; Martin et
al., 2014; Calel & Dechezleprétre, 2016). These findings suggest that carbon pricing plays an
important role in promoting technological innovation and facilitating the transition toward low-
carbon production systems.
More recent studies further argue that the effectiveness of carbon pricing depends not only on
the carbon price itself but also on firms' responses to environmental regulation. Well-designed
environmental policies may improve both environmental and economic performance by
encouraging technological innovation, resource reallocation, and productivity improvement
rather than merely increasing regulatory costs (Porter & van der Linde, 1995; Calel &
Dechezleprétre, 2016). Consequently, firms increasingly regard environmental investment as
part of their long-term competitive strategy instead of viewing emission reduction solely as a
regulatory obligation.
Despite these important advances, existing carbon-pricing models continue to interpret
environmental regulation primarily from the perspective of cost internalization. Carbon pricing
typically enters firms' objective functions as an additional production cost or environmental
compliance expenditure, implying that environmental improvement mainly serves to reduce
regulatory burdens (Nordhaus, 2019; Aldy & Stavins, 2012). Relatively less attention has been
devoted to the possibility that superior environmental performance may itself become a source
of measurable economic value capable of influencing firms' production decisions.
This limitation becomes increasingly important as firms adopt climate strategies that emphasize
innovation, sustainability, and long-term value creation. Recent environmental and corporate
sustainability research suggests that firms may generate competitive advantages through
environmental leadership rather than simply minimizing compliance costs (Hart, 1995; Eccles
et al., 2014; Friede et al., 2015). However, the existing carbon-pricing literature has not yet
established a formal theoretical framework explaining how positive environmental
performance can be incorporated directly into firms' production decisions as a source of
measurable economic value. Addressing this issue requires extending the traditional cost-
internalization perspective toward a theoretical framework that explicitly recognizes the
economic value of recognized avoided emissions. The following section therefore reviews the
emerging literature on carbon handprints.

Carbon handprints and environmental value creation

The concept of carbon handprints has recently emerged as an important complement to
conventional carbon-footprint assessment. Whereas carbon footprints quantify the
environmental burdens generated by production and consumption activities, carbon handprints
emphasize the positive environmental impacts created through avoided emissions, cleaner
technologies, and sustainable innovation (Gronman et al., 2019). This perspective shifts
environmental assessment from measuring negative environmental impacts toward recognizing
positive climate contributions, thereby providing a broader framework for evaluating firms'
environmental performance.

Building upon this concept, subsequent studies have further expanded the methodological
foundations of carbon handprints. Existing research has primarily focused on developing
standardized assessment methods, life-cycle evaluation procedures, sector-specific
applications, and environmental reporting frameworks capable of quantifying avoided
emissions generated by products, technologies, and production systems (Tuppura et al., 2024;
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Eberhardt et al., 2024). These studies have substantially improved the consistency and
transparency of carbon handprint measurement and have demonstrated its usefulness for
environmental communication, sustainability assessment, and life-cycle management.
The increasing adoption of carbon handprints also reflects a broader transition in sustainability
research from environmental burden reduction toward positive environmental value creation.
Rather than evaluating firms solely according to the emissions they generate, carbon handprints
recognize the environmental benefits that firms create by replacing more carbon-intensive
technologies or production processes. Consequently, carbon handprints provide an important
conceptual foundation for understanding how technological innovation contributes to climate-
change mitigation while simultaneously improving firms' environmental performance (Hart,
1995; Gronman et al., 2019).
Despite these important developments, the existing carbon handprint literature remains
primarily concerned with environmental measurement rather than economic decision-making.
Current studies generally treat carbon handprints as indicators of environmental performance,
sustainability reporting, or life-cycle assessment, while relatively little attention has been
devoted to explaining how avoided emissions influence firms' production decisions,
profitability, or resource allocation. Consequently, carbon handprints remain largely measures
of environmental performance rather than variables that directly influence firms' economic
decisions.
This limitation has become increasingly important as governments, investors, and financial
institutions place greater emphasis on climate-related corporate performance. Growing
evidence indicates that environmental information is becoming progressively more relevant to
investment decisions, corporate valuation, and sustainable finance (Eccles et al., 2014; Friede
et al., 2015; Krueger et al., 2020; Bolton & Kacperczyk, 2021). Nevertheless, the existing
carbon handprint literature has not yet established a theoretical framework explaining how
recognized avoided emissions influence firms' production decisions or generate measurable
economic value. This limitation naturally leads to the next stream of research, which examines
how environmental performance is translated into measurable economic value through
sustainable value creation and institutional recognition.

Sustainable value creation and institutional recognition

Recent advances in sustainability research have increasingly shifted attention from
environmental compliance toward sustainable value creation. Rather than viewing
environmental protection solely as a regulatory obligation or an additional production cost,
contemporary studies argue that superior environmental performance may generate long-term
economic benefits by strengthening firms' competitiveness, improving stakeholder
relationships, and enhancing corporate value (Hart, 1995; Eccles et al., 2014; Friede et al.,
2015). Consequently, environmental performance is increasingly regarded as a strategic
resource capable of contributing to firms' long-run economic success.

The growing importance of sustainable finance has further strengthened this perspective.
Investors, financial institutions, and capital markets increasingly incorporate climate-related
information into investment decisions, corporate valuation, and lending activities. Firms
demonstrating superior environmental performance generally experience lower financing costs,
improved access to capital, and stronger investor confidence because climate-related risks and
sustainability performance have become increasingly relevant to corporate valuation (Krueger
et al., 2020; Bolton & Kacperczyk, 2021; Flammer, 2021). These developments suggest that
environmental performance may generate measurable economic value through institutional
recognition rather than solely through regulatory compliance.

From an economic perspective, the recognition of environmental performance depends on
institutional mechanisms capable of translating environmental improvements into economic
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incentives. Institutional recognition encompasses market- and policy-based mechanisms,
including carbon-credit markets, sustainability disclosure standards, green public procurement,
transition-finance policies, and environmental certification systems. These mechanisms
influence firms' production and investment decisions by increasing the private value associated
with environmental improvement, thereby complementing conventional carbon-pricing
policies that primarily operate through cost internalization (Porter & van der Linde, 1995;
Krueger et al., 2020; Flammer, 2021).
Despite the rapid development of sustainable finance and corporate sustainability research,
relatively little attention has been devoted to formally incorporating institutional recognition
into firms' production decisions. Existing studies generally document the relationship between
environmental performance and corporate value using empirical evidence, whereas the
underlying economic mechanism through which recognized environmental performance
influences firms' production behavior remains largely unexplored. Consequently, institutional
recognition is typically treated as an empirical observation rather than an explicit mechanism
within firms' economic decision-making.
This limitation is particularly important for the emerging carbon handprint literature. Although
carbon handprints quantify positive environmental contributions through avoided emissions,
existing studies do not explain how these environmental improvements become economically
valuable once they are recognized by market and policy institutions. The present study
addresses this limitation by introducing an explicit recognition mechanism through which
avoided emissions are transformed into measurable economic value that directly enters firms'
production decisions. This institutional-recognition perspective provides the theoretical
foundation for integrating carbon pricing, carbon handprints, and sustainable value creation
within a unified optimization framework.

Research gap and theoretical contribution

The preceding review highlights three important research streams concerning climate policy
and sustainable production. Carbon-pricing studies have established how environmental
regulation influences firms' production decisions by internalizing the costs of carbon emissions
(Porter & van der Linde, 1995; Nordhaus, 2019). Carbon handprint research has advanced the
measurement of avoided emissions and positive environmental contributions (Grénman et al.,
2019; Tuppura et al., 2024; Eberhardt et al., 2024). Meanwhile, sustainable finance studies have
demonstrated that environmental performance increasingly affects corporate valuation,
financing conditions, and firms' long-term competitiveness (Eccles et al., 2014; Krueger et al.,
2020; Bolton & Kacperczyk, 2021).

Despite these advances, these research streams remain only loosely connected. Existing
carbon-pricing models primarily emphasize environmental cost internalization, whereas
carbon handprint studies focus mainly on environmental measurement. At the same time,
sustainable finance literature generally documents the economic consequences of
environmental performance without explicitly incorporating those effects into firms'
production decisions. Consequently, the economic role of recognized avoided emissions
remains insufficiently explained within a unified theoretical framework.

To address this gap, this conceptual paper develops an optimization-based theoretical
framework that integrates carbon pricing, carbon handprints, and institutional recognition into
a single analytical framework. The model treats recognized carbon handprints as an explicit
economic incentive rather than merely an environmental-performance indicator, allowing
avoided emissions to directly influence firms' production decisions and sustainable value
creation.

Accordingly, this study makes three contributions. First, it integrates carbon pricing, carbon
handprints, and institutional recognition within a unified theoretical framework. Second, it
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introduces an explicit recognition mechanism through which avoided emissions become

measurable economic value affecting firms' optimal production decisions. Third, it identifies

the institutional conditions under which environmental regulation evolves from a compliance-
oriented mechanism into a value-creation mechanism.

Materials and methods: Theoretical framework

This study adopts an optimization-based analytical approach to develop a conceptual model of
firms’ production decisions under carbon pricing and carbon handprint recognition. Rather than
relying on empirical data, the analysis specifies a representative profit-maximizing firm and
derives its optimal production decision from a formal economic model. The analytical
procedure consists of defining the model environment, specifying the production and
environmental cost structure, deriving the firm’s optimal output, and examining the resulting
comparative-static effects and transition condition.

Conceptual framework

The proposed theoretical framework integrates three research streams that have largely
developed independently in the existing literature: carbon pricing, carbon handprints, and
sustainable value creation. Carbon pricing influences firms' production decisions by
internalizing the environmental costs of carbon emissions, whereas carbon handprints represent
the positive environmental contributions generated through avoided emissions. The present
study further introduces institutional recognition as the mechanism through which these
avoided emissions are transformed into measurable economic value.

Within this framework, firms simultaneously face two environmental incentives. Carbon
pricing increases production costs through environmental compliance obligations, while
recognized carbon handprints generate economic benefits by rewarding cleaner production
technologies. Consequently, firms determine their production decisions by balancing
conventional production costs, carbon-pricing costs, and the economic value created by
recognized carbon handprints.
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Figure 1: Conceptual Framework for the Interactions among Carbon Pricing, Carbon Handprints, and
Institutional Recognition
Note. The framework illustrates the cost-increasing channel through carbon pricing and the value-creating
channel through recognized carbon handprints. Source: Authors’ own elaboration.

Figure 1 summarizes the conceptual structure of the proposed framework. Environmental
regulation and institutional recognition jointly influence firms' production decisions through
two complementary economic channels: carbon pricing discourages carbon-intensive
production by increasing environmental costs, whereas recognized carbon handprints
encourage cleaner production by creating additional economic value. The interaction between
these two mechanisms determines firms' optimal production decisions and establishes the
conditions under which environmental regulation evolves from a compliance-oriented system
toward sustainable value creation.

Based on this conceptual framework, the following sections formally develop the theoretical
model. Section 3.2 defines the model environment, while Sections 3.3 and 3.4 specify the firm's
production-cost structure and derive its optimal production decision. Section 4 presents the
analytical results, and Section 5 discusses their theoretical and policy implications.

Model environment

We consider a representative profit-maximizing firm operating under a carbon-pricing regime.
The firm produces a homogeneous product using a technology characterized by its carbon-
emission intensity and determines its production decisions by jointly considering conventional
production costs, carbon-pricing obligations, and the economic value generated by avoided
emissions. Consistent with the environmental economics literature, carbon pricing internalizes
the social cost of greenhouse-gas emissions by assigning an explicit price to carbon emissions,
thereby encouraging firms to adopt cleaner production technologies (Porter & van der Linde,
1995; Nordhaus, 2019). At the same time, recent developments in carbon handprint research
emphasize that firms may create positive environmental value through avoided emissions
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relative to a benchmark technology rather than merely reducing their own emissions (Gronman
et al., 2019; Eberhardt et al., 2024). Accordingly, firms simultaneously face two
complementary environmental incentives: the regulatory cost imposed on emissions and the
economic opportunity created by superior environmental performance.

Let Q >0 denote the firm’s production level. The firm's production technology is characterized

by its carbon-emission intensity E; >0, measured as carbon emissions per unit of output. Total
emissions generated by the firm are therefore expressed as

£(Q)=EQ €]
To evaluate environmental performance, production emissions are compared with those
generated by a benchmark technology. Let E; >0 denote the benchmark emission intensity,

which may represent an industry-standard production process, a conventional technology, or
an appropriate baseline adopted for environmental assessment (Gronman et al., 2019; Tuppura
et al., 2024). Throughout the analysis, the benchmark technology is assumed to be exogenously
given and observable to regulators, investors, customers, and other market participants.
Following the carbon handprint framework proposed by Gronman et al. (2019), the firm's
carbon handprint is defined as the avoided emissions generated per unit of output relative to
the benchmark technology,

Ch=E-EK (2)
Accordingly, the firm's total avoided emissions are
H(Q):CHQ:(EB_ET)Q (3)

A positive value of C, indicates that the firm's production technology emits less carbon than

the benchmark technology and therefore generates positive environmental benefits through
avoided emissions. When C,, =0, the firm's environmental performance is identical to that of

the benchmark technology. Conversely, C,, <0 implies that the firm's technology is more

emission-intensive than the benchmark and therefore does not generate a positive carbon
handprint. Because this study focuses on the transformation of environmental performance into

economic value, the subsequent analysis considers firms satisfying C,, >0.

Although carbon handprints measure avoided emissions, avoided emissions alone do not
automatically create economic value. Their economic significance depends on whether positive
environmental performance is recognized and rewarded through institutional arrangements
such as carbon-credit systems, green procurement programs, sustainability certification,
environmental subsidies, climate-related financial markets, or investors' valuation of low-
carbon production (Krueger et al., 2020; Bolton & Kacperczyk, 2021; Eberhardt et al., 2024).
To capture this institutional mechanism, let & >0 denote the recognition coefficient assigned
to each unit of avoided emissions. The parameter # summarizes the extent to which
environmental performance can be converted into measurable economic value through market
and policy institutions. The recognized economic value generated by carbon handprint per unit
of output is therefore defined as

h=6C, =60(E;-E,) “4)
and the firm's total recognized handprint value is
H(Q)=hQ=0(E;-E)Q (6]

When 6 =0, avoided emissions receive no economic recognition, and the carbon handprint
remains solely an environmental-performance indicator. As @ increases, avoided emissions
generate progressively greater economic value, strengthening firms' incentives to adopt cleaner
production technologies and improve environmental performance. Consequently, the
parameter @ reflects not only environmental policy but also the maturity of sustainable finance,
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carbon markets, and institutional mechanisms that reward positive climate contributions
(Eccles et al., 2014; Friede et al., 2015).

This formulation establishes an important distinction between physical environmental
performance and economic value creation. The carbon handprint C, is determined by

technological differences between the firm's production process and the benchmark technology,
whereas the recognized handprint value H (Q ) depends on institutional recognition through

the parameter . Consequently, environmental performance alone is insufficient to generate
economic benefits unless supported by effective policy and market institutions. This distinction
enables the carbon handprint to be interpreted as an environmental asset whose measurable
economic value depends on technological performance and institutional recognition, thereby
providing the analytical foundation for the production-cost and profit-maximization framework
developed in the following sections (Hart, 1995; Porter & van der Linde, 1995).

Production and cost structure

Production activities simultaneously generate market output and carbon emissions. Under
carbon-pricing regulation, firms therefore face a broader production problem than that
considered in conventional production theory. Besides conventional operating expenditures,
firms must bear the environmental costs associated with carbon emissions while
simultaneously considering the potential economic benefits arising from avoided emissions.
Consequently, production costs are jointly determined by technological efficiency,
environmental regulation, and the institutional recognition of positive environmental
performance (Porter & van der Linde, 1995; Nordhaus, 2019; Gronman et al., 2019).

The firm's conventional production cost is assumed to consist of a constant marginal production
cost together with increasing marginal operating costs associated with capacity utilization,
production adjustment, and organizational coordination. This cost structure is represented by
Cp (Q)=cQ+kQ* (6)
where C>0 denotes the constant marginal production cost and k >0 measures the degree of
increasing marginal operating costs. The quadratic specification provides a tractable convex-
cost structure in which marginal production costs increase with output (Dixit, 1979).
Environmental regulation further modifies the firm's production cost through two distinct but
complementary mechanisms. First, carbon pricing imposes an environmental compliance cost
proportional to emissions. Second, recognized carbon handprints generate an economic benefit
by rewarding avoided emissions relative to the benchmark technology. Combining these two
effects, the firm's total production cost is specified as

C(Q)=cQ+kQ’+7E,Q-0(E, —E;)Q (7)
where the third term represents the carbon-pricing obligation, while the fourth term represents
the recognized economic value generated by carbon handprints. The parameter 7 measures the
regulatory price assigned to carbon emissions, whereas € captures the degree to which
avoided emissions are recognized and rewarded by environmental policies, carbon markets,
sustainable finance, and other institutional mechanisms (Krueger et al., 2020; Bolton &
Kacperczyk, 2021).

Eq. (7) constitutes the central cost function of the proposed framework. Unlike conventional
environmental-economic models, in which carbon regulation only increases firms' production
costs, the present formulation explicitly incorporates both the cost-increasing effect of carbon
pricing and the cost-reducing effect of recognized carbon handprints. Consequently, firms are
encouraged not only to reduce emissions in order to avoid regulatory costs but also to create
positive environmental value that can be transformed into measurable economic returns. This
dual-incentive mechanism distinguishes the proposed framework from traditional carbon-
pricing models and establishes the theoretical foundation for the firm's optimal production

9
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decisions developed in the following section (Hart, 1995; Eccles et al., 2014; Eberhardt et al.,
2024).

Optimal production decisions
Having established the firm's production-cost structure, we now examine how carbon pricing
and carbon handprint recognition jointly influence production decisions. Unlike conventional
environmental-economic models, in which firms respond only to the compliance costs
generated by carbon regulation, the proposed framework recognizes that cleaner production
technologies may simultaneously create measurable economic value through recognized
carbon handprints. Consequently, firms determine their production decisions by balancing
market demand, production costs, environmental compliance costs, and the economic benefits
associated with avoided emissions (Porter & van der Linde, 1995; Hart, 1995; Nordhaus, 2019).
Assume that market demand is represented by the inverse demand function:
P(Q)=a-bQ @®)
where a>0 is the intercept of market demand, and b >0 measures the responsiveness of
market price to output. Accordingly, the firm's total revenue is given by R (Q)=P (Q)Q, and
together with the production-cost function in Eq. (7), profit can be expressed as
M(Q)=(a-bQ)Q-[cQ+kQ* +7E;Q-O(E; ~ E;)Q] (€]
Eq. (9) indicates that carbon pricing and carbon handprint recognition influence firms'
production decisions through distinct but complementary channels. Carbon pricing reduces
profitability by increasing environmental compliance costs, whereas recognized carbon
handprints improve profitability by transforming avoided emissions into measurable economic
returns. Consequently, firms have incentives not only to reduce emission intensity but also to
create environmental value that can be recognized by policy and market institutions (Krueger
et al., 2020; Bolton & Kacperczyk, 2021; Eccles et al., 2014).
Maximizing Eq. (9) with respect to production yields the firm's optimal production decision:
Q= a-c—7E; +0(E; - E;) (10)
2(b+k)
Since both the slope of market demand (b ) and the marginal operating-cost parameter (K ) are
assumed to be positive, the profit function is strictly concave with respect to output.
Accordingly, the second-order condition is satisfied, ensuring that Eq. (10) represents a unique
interior optimum.
Eq. (10) constitutes the central behavioral result of the proposed framework. Unlike
conventional carbon-pricing models, the firm's optimal production depends not only on
production costs and environmental compliance obligations but also on the economic value
generated by recognized carbon handprints. A higher carbon price lowers the firm's optimal
production by increasing compliance costs, whereas stronger institutional recognition of
carbon handprints increases optimal production by improving the profitability of cleaner
technologies. The carbon handprint therefore functions not merely as an environmental-
performance indicator but as an explicit economic incentive that directly influences firms'
production decisions. This mechanism provides the theoretical foundation for the comparative-
static analysis presented in Section 4.1 (Porter & van der Linde, 1995; Friede et al., 2015;
Eberhardt et al., 2024).

Results

Comparative statics and theoretical implications

The analytical solution in Eq. (10) provides the basis for evaluating how environmental
regulation and carbon handprint recognition affect firms' optimal production decisions.
Comparative-static analysis demonstrates the individual effects of policy variables on optimal

10
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production while providing theoretical insights into the interaction between carbon pricing and
positive environmental incentives.
Differentiating Eq. (10) with respect to the carbon-pricing parameter yields

Q =— E <0 (11)
ot 2(b+Kk)

Eq. (11) indicates that a higher carbon price unambiguously reduced the firm's optimal
production level. As environmental compliance costs increased, production became more
expensive, thereby reducing firms' incentives to expand output. This result is consistent with
the primary objective of carbon-pricing policies, namely to internalize environmental
externalities by discouraging carbon-intensive production (Nordhaus, 2019; World Bank,
2024).

By contrast, differentiating Eq. (10) with respect to the recognition coefficient gives
Q" Ez—FE;
00  2(b+k)

provided that the firm generates a positive carbon handprint (E; > E; ). Eq. (12) demonstrates

>0 (12)

that stronger institutional recognition of avoided emissions increased firms' optimal production
by improving the private returns to cleaner production technologies. Unlike carbon pricing,
which operated through a cost-increasing mechanism, carbon handprint recognition created
incentives through value creation. Consequently, environmental regulation may simultaneously
discourage carbon-intensive production while encouraging environmentally superior
production.

Taken together, Eqgs. (11) and (12) reveal that carbon pricing and carbon handprint recognition
represented two complementary policy instruments rather than competing regulatory
approaches. Carbon pricing penalized undesirable environmental outcomes, whereas carbon
handprint recognition rewarded positive environmental contributions. The interaction between
these two mechanisms enabled environmental policy to influence firms through cost-increasing
and value-creating incentives, thereby establishing a more balanced framework for sustainable
production (Porter & van der Linde, 1995; Hart, 1995; Eccles et al., 2014).

The above results lead directly to the following theoretical propositions.

Proposition 1. An increase in carbon pricing reduces the firm's optimal production by
increasing environmental compliance costs.

Proposition 2. For firms generating a positive carbon handprint, an increase in carbon
handprint recognition raises the firm's optimal production by increasing the economic value
generated by avoided emissions.

Proposition 3. Carbon pricing and carbon handprint recognition constitute complementary
policy instruments, simultaneously penalizing carbon emissions and rewarding positive
environmental performance.

Unlike conventional environmental-economic models that emphasize only the cost of carbon
emissions, the present framework demonstrates that sustainable production depends on the
joint operation of regulatory pressure and positive environmental incentives. The carbon
handprint therefore functions as an explicit economic mechanism through which recognized
avoided emissions influence firms' production decisions and sustainable value creation. This
theoretical result provides the conceptual basis for the transition conditions discussed in
Section 4.2 (Friede et al., 2015; Eberhardt et al., 2024).

Transition from compliance to value creation

The preceding analysis demonstrates that carbon pricing and recognized carbon handprints
influence firms through two distinct economic channels. Carbon pricing increases production
costs by assigning an explicit economic cost to greenhouse-gas emissions, whereas recognized
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carbon handprints create economic value by rewarding avoided emissions generated through
cleaner production technologies. Recent developments in climate policy increasingly
emphasize that effective environmental regulation should combine both mechanisms by
discouraging environmentally harmful activities while simultaneously encouraging
environmentally beneficial innovation (Porter & van der Linde, 1995; Nordhaus, 2019; Stern
et al., 2021). Consequently, firms' production decisions depend not only on the level of carbon
pricing but also on whether environmental institutions recognize and reward positive climate
contributions.
Within the proposed framework, the transition occurs when the economic value generated by
recognized carbon handprints exactly offsets the environmental compliance cost associated
with carbon pricing:
O(E; >E;)=1E; (13)
Eq. (13) defined the threshold separating two fundamentally different regulatory environments.
The left-hand side represented the economic value created through recognized avoided
emissions, whereas the right-hand side represented the environmental compliance cost imposed
on production. Their relative magnitudes determined whether environmental regulation
functioned primarily as a compliance obligation or as a source of economic value creation.

When 6(E; > E;)<rE,;, carbon-pricing obligations exceed the economic value generated by

recognized carbon handprints. Under this condition, firms primarily respond by reducing
emissions to minimize environmental compliance costs. Environmental regulation therefore
operates predominantly through cost internalization, which remains the principal objective of

contemporary carbon-pricing policies (Nordhaus, 2019; World Bank, 2024). When 6 (E; > E; )

=7E, , the economic value created by recognized carbon handprints exactly compensates for

environmental compliance costs. At this threshold, firms become economically indifferent
between treating environmental regulation as a compliance obligation and viewing
environmental improvement as a source of competitive advantage. The production system
therefore reaches a transition point between cost internalization and value creation. Finally,

when O(E; > E;)>rE;, recognized carbon handprints generate economic value exceeding

environmental compliance costs. Environmental performance consequently becomes a source
of profitability rather than merely a means of reducing regulatory burdens. Firms therefore
have incentives to invest continuously in cleaner technologies, thereby expanding recognized
carbon handprints and reinforcing sustainable value creation. This outcome is consistent with
the Porter Hypothesis that appropriately designed environmental regulation stimulates
innovation and competitiveness (Porter & van der Linde, 1995), while also reflecting growing
evidence that financial markets increasingly reward firms exhibiting superior climate
performance and sustainability outcomes (Krueger et al., 2020; Bolton & Kacperczyk, 2021;
Flammer, 2021).

Unlike existing carbon-pricing models, which primarily emphasize environmental compliance,
the proposed framework identifies the institutional conditions under which environmental
regulation evolves into a value-creation mechanism. Recognized carbon handprints therefore
constitute a measurable source of economic value whose magnitude depends jointly on
technological performance and institutional recognition. This theoretical perspective extends
the existing carbon handprint literature (Gronman et al., 2019; Tuppura et al., 2024; Eberhardt
et al.,, 2024) by integrating recognized carbon handprints directly into firms' production
decisions and establishing a formal transition from compliance-driven regulation to sustainable
value creation.

The above analysis led to the principal theoretical proposition of this study.

Proposition 4. Environmental regulation evolves from a compliance mechanism to a value-
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creation mechanism when the economic value generated by recognized carbon handprints
exceeds the environmental compliance cost imposed by carbon pricing.
This proposition represented the central theoretical contribution of this study by identifying the
condition under which carbon pricing and recognized carbon handprints operated as
complementary institutional mechanisms. This result provides a theoretical explanation for the
transition from compliance-oriented regulation toward sustainable value creation.

Discussion

The proposed theoretical framework offers several policy implications for the design of carbon-
pricing systems and sustainable industrial policies. Unlike conventional environmental-
economic models, which primarily rely on carbon pricing to discourage carbon-intensive
production, the present framework suggests that effective environmental regulation should
combine carbon-pricing mechanisms with institutional arrangements that recognize and reward
positive environmental performance. Sustainable production therefore depends not only on
increasing the cost of carbon emissions but also on strengthening the economic incentives
associated with recognized carbon handprints (Porter & van der Linde, 1995; Nordhaus, 2019).
The findings extend the existing literature in several ways. Consistent with Porter and van der
Linde (1995), the model suggests that environmental regulation may influence firm behavior
through channels beyond simple compliance-cost increases. However, the present framework
further shows that this effect depends on whether positive environmental performance is
institutionally recognized and converted into measurable economic value. This result also
complements the carbon handprint literature, which has primarily focused on environmental
measurement (Gronman et al., 2019; Tuppura et al., 2024; Eberhardt et al., 2024), by
demonstrating how recognized avoided emissions can directly affect firms’ production
decisions. In this sense, the proposed framework provides a theoretical bridge between carbon
pricing, positive environmental performance, and sustainable value creation.

First, the analytical results indicate that carbon pricing alone may be insufficient to support
sustained technological transformation. Although higher carbon prices increase firms'
incentives to reduce emissions, they also increase production costs and may discourage
productive investment when environmental compliance costs become excessive. Consequently,
environmental policies should be designed to complement carbon pricing with mechanisms
that recognize avoided emissions and reward firms that continuously improve environmental
performance. Such complementary policies may strengthen incentives for environmental
innovation while limiting an exclusive reliance on compliance-cost mechanisms (Porter & van
der Linde, 1995; Stern et al., 2021).

Second, Eq. (13) demonstrates that institutional recognition plays a decisive role in determining
whether environmental regulation functions primarily as a compliance mechanism or as a
value-creation mechanism. Governments can strengthen the recognition coefficient, 8, through
the development of credible carbon-credit markets, environmental certification systems, green
public procurement, sustainability disclosure standards, and transition-finance policies. By
increasing the economic value associated with recognized avoided emissions, these
institutional arrangements may strengthen firms' incentives to invest in cleaner technologies
and expand positive environmental contributions (Krueger et al., 2020; Bolton & Kacperczyk,
2021; Flammer, 2021).

Third, the proposed framework suggests that environmental innovation should be evaluated
not only according to its ability to reduce emissions but also according to its capacity to
generate recognized environmental value. Firms that improve production technologies increase
the difference between benchmark emissions and actual emissions, thereby expanding
recognized carbon handprints and potentially improving their economic performance.
Consequently, technological innovation, environmental improvement, and firm
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competitiveness may become mutually reinforcing objectives rather than necessarily
conflicting policy goals. This conclusion is consistent with the growing emphasis on
sustainable value creation in both environmental economics and sustainable finance (Hart,
1995; Eccles et al., 2014; Friede et al., 2015).
Finally, the proposed framework provides implications for sustainable finance. Financial
institutions increasingly incorporate climate-related information into investment decisions,
lending policies, and corporate valuation. The present model suggests that recognized carbon
handprints may serve as an economically meaningful indicator of positive climate performance,
complementing conventional carbon-emission measures that primarily capture environmental
costs. Integrating recognized carbon handprints into sustainable-finance frameworks could
strengthen the alignment between environmental performance and financial incentives, thereby
supporting the transition toward a low-carbon economy (Krueger et al., 2020; Bolton &
Kacperczyk, 2021; Flammer, 2021).
Overall, the discussion highlights that the effectiveness of climate policy depends not only on
carbon-cost internalization but also on the institutional capacity to recognize positive
environmental performance. This perspective broadens the policy interpretation of carbon
handprints by emphasizing their potential role in linking environmental improvement with
economic incentives. More specifically, institutional recognition converts verified avoided
emissions into measurable economic value through mechanisms such as carbon credits, green
procurement, sustainability certification, and sustainable finance. In this way, carbon
handprints complement carbon pricing by transforming positive environmental performance
from a measurement indicator into an economic incentive for sustainable value creation.

Conclusions

This study developed a unified theoretical framework integrating carbon pricing, carbon
handprints, and institutional recognition into firms' production decisions. The results showed
that environmental regulation influenced firms through both cost-increasing and value-creating
channels and identified the condition under which recognized carbon handprints could offset
carbon-pricing compliance costs.

The proposed framework makes three principal theoretical contributions. First, it establishes
an integrated optimization model linking carbon pricing, carbon handprints, and institutional
recognition within a unified analytical framework. Second, it introduces institutional
recognition as an explicit economic mechanism through which avoided emissions directly
influence firms' production decisions rather than serving solely as environmental-performance
indicators. Third, it identifies the transition condition under which environmental regulation
evolves from a compliance-oriented mechanism toward sustainable value creation, providing
a new theoretical explanation for the interaction between environmental regulation and firms'
economic incentives.

From a policy perspective, the findings suggest that carbon pricing is likely to be more effective
when complemented by institutional mechanisms that recognize and reward positive
environmental performance. Such complementary arrangements may strengthen the alignment
between climate-policy objectives and firms' economic incentives.

This study has several limitations that provide directions for future research. The present study
develops a deterministic theoretical framework and therefore abstracts from uncertainty,
dynamic technological change, and heterogeneous firm behavior. Future studies may extend
the model by incorporating dynamic optimization, stochastic production environments, supply-
chain interactions, general-equilibrium analysis, or empirical validation using firm-level data.
Such extensions would further enhance our understanding of how recognized carbon
handprints influence firms' production decisions and sustainable economic development under
evolving climate-policy environments.
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