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Abstract: This paper presents a theoretical framework for conducting integrated cost-benefit analysis
(CBA) of environmental projects. The model addresses limitations in traditional CBA by explicitly
incorporating economic, environmental, and social dimensions into a unified analytical structure. By
employing a multi-criteria approach grounded in welfare economics, the framework aims to support
more comprehensive decision-making for environmental initiatives. The methodology includes a
theoretical exposition of the mathematical relationships between dimensions, a discussion of
valuation approaches for non-market goods, and consideration of temporal and uncertainty aspects.
The paper concludes with a theoretical demonstration of the framework’s application and discusses
its potential contributions and limitations, setting an agenda for future empirical validation and
methodological refinement.

Keywords: cost-benefit analysis; environmental economics; multi-criteria analysis; non-market
valuation; sustainable development

1. Introduction

The increasing awareness of environmental degradation and climate change has led to a surge
in environmental projects aimed at mitigating these issues. These projects, ranging from renewable
energy initiatives to conservation efforts, are crucial in addressing the pressing challenges of our time
(Stern, 2007; IPCC, 2022). However, the success of these projects hinges on their ability to deliver
tangible benefits that outweigh the costs involved. Cost-benefit analysis (CBA) is a crucial tool in
evaluating the economic feasibility and overall impact of such projects, yet its application to environmental
contexts remains problematic (Arrow et al., 2013).

The theoretical foundations of CBA are deeply rooted in welfare economics and public finance.
Since its formalization by Dupuit in the 19th century and subsequent development by Kaldor (1939),
Hicks (1939), and others, CBA has become the predominant framework for evaluating public
investments. At its core, CBA involves comparing the total expected benefits of a project with its total
expected costs, both expressed in monetary terms. The primary objective is to determine whether the
project is worth undertaking from an economic perspective by evaluating whether the present value
of benefits exceeds the present value of costs (Boardman et al., 2017).

However, when applied to environmental contexts, traditional CBA encounters several
theoretical and methodological challenges that limit its effectiveness. First, environmental projects
often generate benefits that extend far into the future, raising questions about appropriate discount
rates and intergenerational equity (Goulder & Williams, 2012). The choice of discount rate is not merely
a technical matter but embodies profound ethical judgments about the relative importance of present versus
future generations (Dasgupta, 2008). Stern (2007) advocated for near-zero discount rates for climate change
mitigation projects, while others like Nordhaus (2007) argued for rates closer to market returns, illustrating
the contentious nature of this parameter.

Second, environmental projects generate numerous non-market benefits that are challenging to
quantify in monetary terms (Costanza et al., 2014). These include improvements in biodiversity,
ecosystem services, air and water quality, and human health and well-being. While economic theory
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has developed various methods for non-market valuation, including contingent valuation, choice
experiments, hedonic pricing, and travel cost methods, each approach has limitations and
uncertainties (Carson, 2012; Bateman et al., 2011). The resulting estimates can vary widely depending
on the methodology, context, and population surveyed, raising questions about their reliability and
validity.

Third, environmental projects often involve significant uncertainties and risks that are difficult
to incorporate into traditional CBA frameworks (Heal & Millner, 2014). Climate change, for instance,
involves deep uncertainties about future emissions trajectories, climate sensitivity, and potential
tipping points. Biodiversity conservation projects may face uncertainties about species responses to
management interventions, ecosystem dynamics, and future threats. These uncertainties call for more
sophisticated approaches that go beyond deterministic benefit-cost calculations to incorporate
probabilistic reasoning and robust decision-making under uncertainty (Polasky et al., 2011).

Fourth, environmental projects typically generate impacts across multiple dimensions
(Montgomery, 2024), including economic, environmental, and social domains (de Groot et al., 2010).
Traditional CBA tends to focus primarily on economic efficiency, potentially neglecting important ecological
and social considerations. This narrow focus can lead to decisions that maximize economic returns at
the expense of environmental sustainability or social equity (Howarth & Norgaard, 2013). Moreover,
the attempt to reduce all values to a single monetary metric has been criticized as reductionist and
potentially obscuring important value dimensions that resist monetization (Spash, 2008; Vatn, 2009).

These limitations have prompted various extensions and alternatives to traditional CBA,
including multi-criteria analysis (Belton & Stewart, 2002), deliberative valuation (Wilson & Howarth,
2002), and integrated assessment modeling (Weyant, 2017). While these approaches offer valuable
insights, they often lack a unified theoretical framework that can systematically integrate economic,
environmental, and social dimensions within a coherent decision-making structure. As Farrow (2004)
observes, “The challenge is not to abandon benefit-cost analysis but to improve it and complement it
with other approaches that can address its limitations” (p. 47).

Furthermore, the application of CBA to environmental projects has been critiqued from various
philosophical perspectives. Ecological economists argue that CBA’s assumption of weak
sustainability (where natural and manufactured capital are substitutable) is fundamentally flawed
and that strong sustainability principles should guide environmental decision-making (Daly, 2007).
Environmental ethicists question the anthropocentric orientation of CBA and argue for recognizing
the intrinsic value of nature beyond its instrumental value to humans (O’Neill et al., 2008). Critical
theorists suggest that CBA’s technocratic approach can mask power dynamics and reinforce existing
inequalities in environmental decision-making (Forsyth, 2003).

Despite these critiques, CBA remains a dominant framework in environmental policy and
project evaluation due to its theoretical grounding in welfare economics, its ability to provide clear
decision rules, and its alignment with budgetary and fiscal processes (Pearce et al., 2006; Sunstein,
2018). Rather than abandoning CBA, many scholars have called for its refinement and extension to
better address environmental complexities (Atkinson & Mourato, 2008; Barbier, 2011). As Gowdy et
al. (2010) note, “Economics has much to offer to environmental decision-making, but only if it moves
beyond simplistic applications of standard theory” (p. 35).

This paper addresses these challenges by proposing a theoretical framework that integrates
environmental and social factors alongside economic considerations in a unified mathematical
structure. The model is designed to provide a holistic assessment of environmental projects, enabling
decision-makers to make more informed and balanced judgments. By explicitly recognizing multiple
value dimensions, incorporating temporal dynamics, and addressing uncertainty, the framework aims to
overcome the limitations of traditional CBA while retaining its analytical rigor and decision-making utility.

1.1. Theoretical Background

Our framework builds on three foundational areas in economics and decision theory:
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Welfare Economics: The theoretical basis for cost-benefit analysis rests on the principles of
welfare economics, particularly the Kaldor-Hicks compensation criterion, which states that a
project is desirable if those who gain could potentially compensate those who lose, with a net
positive outcome (Just et al., 2004). We extend this to include intergenerational equity
considerations especially relevant to environmental projects.

Environmental Valuation Theory: The economic valuation of environmental goods and
services draws upon theories of total economic value (TEV), which encompasses use values
(direct, indirect, and option values) and non-use values (existence and bequest values) (Pearce
et al., 2006).

Multi-Criteria Decision Analysis (MCDA): When multiple, potentially conflicting objectives
exist, MCDA provides theoretical frameworks for structuring complex problems, incorporating
diverse stakeholder perspectives, and making trade-offs explicit (Belton & Stewart, 2002).

1.2. Research Gap and Contribution

While extensive literature exists on both CBA and environmental economics, there remains a

theoretical gap in frameworks that simultaneously:

Integrate economic, environmental, and social dimensions in a coherent mathematical structure
Address temporal dynamics across all dimensions

Account for uncertainty and risk in a unified way

Provide clear methodological guidance for non-market valuation within CBA

This paper contributes to the literature by proposing a theoretical framework that addresses

these gaps, thereby enhancing the applicability of CBA to complex environmental projects.

2. Methodology

The methodology section presents the mathematical equations used in the model, along with a

progressive explanation of the variables involved.

The economic evaluation follows standard cost-benefit analysis (CBA). The three primary

measures are:

1.

Net Present Value (NPV) The NPV of a project is defined as the present value of net benefits:
NPV = 37, =24 (1)

£=0 (141t

where:

t as:

B; is the benefit at time ¢,

C; is the cost at time t,

r is the discount rate, and

T is the time horizon.

Internal Rate of Return (IRR)

The IRR is the discount rate that satisfies:

T _BezC _
£=0 (1+1RR) 0

Benefit-Cost Ratio (BCR)
The BCR is given by:

5T Bt
t=0 (147t 3
T Ct ( )
t=0 (141t

BCR =

For convenience in the integrated framework, we define the net economic contribution at time

EC(t) = B, — C; (4)

2.1. Environmental Dimension

Environmental impacts are assessed through a set of indicators that capture different ecological

aspects:
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2.2. Carbon Impact Function

The net carbon impact is modeled as:
CI(®) = B, — E(t) (5)
where:
e E, is the baseline emissions, and
e  E(t) is the emissions with the project at time t.
2. Biodiversity Conservation Function
Biodiversity value is expressed as:
BD(t) = aS(t) + BH(t) + yG(t) (6)
where:
e S(t) is the species richness index,
e  H(t) is the habitat quality index,
e (G (t) is the genetic diversity index, and
e a,f,y are weighting parameters reflecting ecological significance.
3. Environmental Quality Function
A composite quality indicator is given by:
EQ(t) = Xitq wiq:(t) (7)
where:
e q;(t) is the quality index for environmental component i at time ¢,
e w; is the weight for component i, and
e n is the number of environmental components.
Combining these, we represent the total environmental value as:
ENV(t) = wcCI(t) + wpBD(t) + wgEQ(t) (8)
Substituting equations (5), (6), and (7) gives:
ENV(t) = wclEp — E(O)] + wp[aS(t) + BH(E) +yG(D)] + wp[XiL, wiqi(D)] (9)
where w¢, wg, and wg are conversion factors that translate environmental impacts into monetary
units.

2.3. Social Dimension

The social impact is captured by aggregating multiple social indicators:
1. Social Welfare Function
The basic social welfare is:
SW () = Sty A5(2) (10)
where:
e  s;(t) is social indicator j at time t,
e}, is the weight for indicator j, and
e m is the number of social indicators.
2. Employment Function
Employment benefits are modeled as:
EMP(t) = J4(t) + 8Ji(t) (10)
where:
e Ju(t) is the number of direct jobs created at time ¢,
where:
e J4(t) is the number of direct jobs created at time ¢,
e Ji(t) is the number of indirect jobs, and
e  § reflects the relative economic weight of indirect jobs.
3.  Health Impact Function
Health outcomes are expressed as:
HI() = Tieoy michi () (12)
where:
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e h(t) is health indicator k at time ¢,
® Uy is the corresponding weight, and
e  p is the number of health indicators.

The overall social value is then given by:

SOC(t) = AwSW (t) + AgEMP(t) + A4HI(t)

or, equivalently,

SOC(t) = Aw[Zer 45;(O] + AeUa(®) + 8/ (O] + u [Ty mehic (D] (13)
where Ay, Ag, and Ay are conversion factors to monetary terms.

2.4. Integrated Value Function

The core of the framework is the integrated value (IV), which aggregates economic,
environmental, and social values over time. It is defined as:

IV = [ [EC(t) + $ENV (£) + YSOC(H)]e " dt (14)
where:
e ¢ and Y are conversion factors for environmental and social values, respectively,

° e -rt

is the discounting term using the social discount rate r,
e T isthe project’s time horizon.

A project is deemed acceptable if IV > 0, and when comparing alternatives (e.g., project A vs.
project B), the decision rule is:

IV, > 1V (14)

2.5. Addressing Temporal Dynamics

Given the long-term impacts typical of environmental projects, a time-varying (or declining)
discount rate is adopted. One proposed form is:

r(t) = rge” ™Mt (15)
where:
e 1y is the initial discount rate,
e 7 isa decline parameter that accounts for increased uncertainty over time.

Alternatively, following a derivation based on uncertainty in the discount rate (assuming a
gamma distribution for r), the effective discount rate can be expressed as:

r(t) = — (16)

b+t
with parameters a and b determined by the underlying probability distribution.

2.6. Incorporating Uncertainty and Risk

Environmental projects face deep uncertainties. To account for these, the framework introduces
a probabilistic approach and a risk adjustment:
1.  Expected Integrated Value
The expected value over all states w in the uncertainty set Q is:
E[IV] = [, IV(w)p(w)dw (17)
For computational purposes, this may be discretized as:
E[IV] = T, IV(w)p(w;) (18)
2. Risk Adjustment
To incorporate risk aversion, a risk-adjusted integrated value is defined as:
IV = E[IV] — AVar[IV] (19)
where the variance is:
Var[IV] = [, (IV(®) — E[IV])*p(w)dw (20)
and A is the risk aversion coefficient.
3. Robust Decision Making
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For cases of deep uncertainty (where probabilities are not well defined), the maximin criterion
can be used:
maxmin [V (a, w) (21)

aeA weqQ
where A represents the set of decision alternatives and ' a set of plausible future states.

2.7. Sensitivity Analysis

To explore the sensitivity of the integrated value to the conversion factors ¢ and 1, we compute
the partial derivatives:
1. Sensitivity with respect to ¢ :
ov. _ T -1t
6 = J, ENV(t)e™dt (22)
2. Sensitivity with respect to 1 :
v _ T _rt
—= [, S0C(t)e ""dt (23)

oy

The ratio of these sensitivities,

arv T _

3¢ _ Jo ENV(©e tdt

W =T e ria OY

ap o

provides insight into the relative importance of environmental versus social impacts in the
overall project assessment.

8. Detailed Mathematical Derivations

For completeness, we now integrate the derivations from the appendix into our methodological
discussion.

2.8. Derivation of the Integrated Value Function

Starting with the definition:
IV = [ [EC(t) + pENV(t) + $SOC(t)]e " dt (25)
we substitute:
e EC(t) = B; — C.(from (4)),
e ENV(t) from (8a), and
e  SOC(t) from (12a).
This yields an expanded form:

v = fT (B, — C,]

+é (wC[Eb — E@] + wp[aS(t) + BH (L) +yG(8)] + wg Z wiq; (t)> (26)

i=

= p
Y sz 4;5;(0) + AglJa(®) + 6J:(1)] +,1HZ #khk(t)> Tt
. k=1

Jj=1

2.9. Optimal Decision Rule

For a project to be acceptable, the integrated value must be positive:
V>0 (27)

When comparing two projects (A and B), the decision criterion is:
IV, > Vg (28)

2.10. Time-Declining Discount Rate Derivation

Assume that the discount rate r is a random variable with density f(r). The present value of a
benefit

B attime t is:
PV(B,t) = BE[e ] = B [° e "' f(r)dr (29)
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This can be written as:
PV(B,t) = Be "®t (30)
where the effective discount rate r(t) is defined by:
1 [oe]
r(t) = —?ln (J- e‘”f(r)dr) (€3))
0
For a gamma distribution with parameters a and b, this simplifies to:

r(t) = —— (32)

b+t

2.11. Risk-Adjusted Integrated Value
To incorporate risk, a risk-adjustment factor 6(t) is introduced:
Wiy = f ' [EC(t) + pENV(E) + YSOC(D)]0()e "t dt(33),
with ’
1

o(t) = (34)

T 1+po(t)

where:

e  p isthe risk aversion coefficient,

e  o(t) isthe standard deviation of outcomes at time t.
For numerical evaluation, the integral (30) may be discretized as:
Wage = X1y [EC(t) + PENV(t) + YSOC(£)]0(t)e " At (35)

2.12. Sensitivity Analysis of Conversion Factors

The responsiveness of the integrated value to changes in the environmental conversion factor ¢

and the social conversion factor ¥ is given by:
aw _ —rt
20 = J, ENV(t)e™dt
v _ T -7t
i J, SoC(t)e dt

The ratio,

arv T —rt
6 _ Jo ENV(D)e Ttdt
av — (T -

¥ Jo soc(t)e~"tat
indicates whether the integrated value is more sensitive to environmental or social impacts.

(36), (37)

38)

Summary

This integrated framework systematically combines economic, environmental, and social
impacts into a single valuation measure, addressing long-term dynamics and uncertainty through
time-varying discount rates and risk adjustments. Equations (1)-(39) provide a formal, step-by-step
explanation of the methodology, ensuring transparency in assumptions and variable definitions.

This revised and numbered presentation of the mathematical derivations (originally in the
appendix) is now embedded within the methodology, thereby creating a cohesive and
comprehensive framework for the cost-benefit analysis of environmental projects.

3. Results
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Figure 1. Economic, Environmental and Social Dimensions.

Explanations

Economic Dimension Graph: This graph shows how the financial aspects of the project change
over time. The Net Present Value (NPV) represents the difference between the project’s benefits
and costs, adjusted for the time value of money. A positive NPV indicates that the project is
profitable. The Internal Rate of Return (IRR) is the discount rate at which the NPV is zero,
providing a measure of the project’s profitability. The Payback Period is the time it takes to
recover the initial investment. A shorter payback period is generally preferred.

Environmental Dimension Graph: This graph illustrates the project’s environmental impacts
over time. Carbon Reduction shows the decrease in greenhouse gas emissions due to the project.
The Biodiversity Conservation Index measures the project’s contribution to preserving local
ecosystems and species (Montgomery, 2024a). The Air and Water Quality Improvement index
reflects enhancements in air and water quality resulting from the project.

Social Dimension Graph: This graph demonstrates the project’s social impacts over time. The
Community Well-being Index measures improvements in the quality of life for local residents.
Employment Generation shows the number of jobs created or supported by the project. Public
Health Benefits reflect health improvements resulting from the project, such as reduced
respiratory diseases.

These graphs provide a visual representation of the project’s impacts across economic,

environmental, and social dimensions, helping decision-makers understand the comprehensive

benefits of the project.
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Sensitivity Surface of IV as a Function of r and ¢
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Figure 2. Sensitivity Surface of Integrated Value.

Explanation:

This 3D surface plot shows how the overall integrated value (IV) of a project changes as a
function of two critical parameters: the discount rate (r) and the environmental conversion factor ().
In this synthetic example, the IV is modeled as a combination of a discounted economic component
and a scaled environmental benefit. The plot highlights the sensitivity of the overall valuation to these
parameters, illustrating that a higher discount rate (implying greater impatience or uncertainty) significantly
reduces the economic contribution, while a higher environmental conversion factor increases the overall IV.
This graph underscores the importance of choosing appropriate values for these parameters in the
decision-making process.
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Temporal Dynamics of Project Values
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Figure 3. Temporal Dynamics of Project Values.

Explanation:

This time-series plot depicts the evolution of the three core dimensions—economic EC(t),
environmental ENV(t), and social SOC(t) values—over the project’s lifetime. In this example, the
economic value declines over time due to discounting effects and potential project depreciation. In
contrast, the environmental benefit accumulates gradually, reflecting long-term ecological
improvements, while the social value fluctuates as community impacts evolve. The graph illustrates
how benefits from each dimension accrue at different rates and underscores the need to consider all
dimensions over time when evaluating environmental projects.
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Impact of Risk Aversion on Project Valuation
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Figure 4. Impact of Risk Aversion on Valuation.

Explanation:

This graph illustrates the effect of risk aversion on the risk-adjusted integrated value IVrisk of a
project. The horizontal axis represents the risk aversion coefficient A, while the vertical axis shows
the corresponding IVrisk . In this example, a higher risk aversion leads to a lower adjusted value because the
decision-maker discounts the expected integrated value by an amount proportional to the outcome variance.
The graph provides insight into how risk attitudes can alter project evaluations, emphasizing that robust
decision-making must account for risk in addition to mean benefits.
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Project Valuation: Economic CBA vs. Integrated Framework
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Figure 5. Comparison of Evaluation Methods.

Explanation:

This bar chart compares project valuations derived from a traditional economic cost-benefit
analysis (which considers only the economic dimension) versus the integrated framework (which
also includes environmental and social impacts). Three hypothetical projects are evaluated. For each
project, two bars represent the outcomes from the economic-only approach and the integrated
framework. Notice that the integrated approach typically yields a higher valuation, as it captures
additional benefits that are not reflected in a narrow economic analysis. This comparison clearly
demonstrates the potential for misallocation of resources if environmental and social factors are
omitted from the evaluation.
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Sensitivity of IV to ¢ and g

T’ 800 =
700

600

Figure 6. Sensitivity of Integrated Value to Environmental and Social Conversion Factors.

Explanation:

This 3D surface plot explores how the overall integrated value (IV) changes as a function of both
the environmental conversion factor (¢) and the social conversion factor (). In the integrated
framework, these conversion factors translate non-market environmental and social benefits into monetary
terms. The graph uses a non-linear synthetic function to mimic diminishing returns in both
dimensions. It demonstrates that as either ¢ or 1y increases, the integrated value increases—but at a
decreasing rate. This visualization helps decision makers understand the importance and interplay
of these two factors when aggregating benefits.
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IV vs. Time Horizon for Different Discount Rates
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Graph 7. This multi-line plot illustrates how the integrated value (IV) evolves over time for three different
discount rates. For each discount rate, the graph shows the cumulative effect of economic, environmental, and
social benefits over a project’s lifetime. The economic component declines over time due to discounting, while
environmental and social benefits accumulate gradually. By comparing curves for discount rates r=0.02, 0.050,
and 0.080, the graph emphasizes how higher discount rates reduce the present value of long-term benefits—a
key consideration when planning sustainable projects.
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Monte Carlo Simulation of Integrated Value Distribution

80 -

60 - -
_ -
(W] —
=
[iF}
=
= _
& 40 =

20 - ]

ol =TT ‘{ | | —H_I—\

400 600 800 1000 1200

Integrated Value (V)

Figure 8. Monte Carlo Simulation of Integrated Value Distribution.

Explanation:
Recognizing that many input parameters in environmental projects are uncertain, this histogram

presents a Monte Carlo simulation of the integrated value. In this simulation, we assume that the IV
follows a normal distribution (with a mean and standard deviation representing combined
uncertainty across dimensions). The histogram shows the range and frequency of potential outcomes,
illustrating the risk profile of a project. This type of analysis aids in robust decision-making by highlighting
the variability in project valuations under uncertain conditions.
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Component Contributions to Integrated Value
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Figure 9. Stacked Bar Chart of Component Contributions to Integrated Value.

Explanation:

This stacked bar chart compares the relative contributions of the economic, environmental, and
social components to the overall integrated value for a selected project scenario. The bar is divided
into segments that represent each component’s share. Such a visualization helps decision makers see
which dimensions drive the total valuation and can highlight areas where additional benefits (or
costs) might be captured. In the example, the economic component forms the base value, with
significant contributions added by environmental and social factors.

4. Discussion

The discussion section provides an in-depth analysis of the results, highlighting the strengths
and limitations of the model. It also explores the potential applications of the model and
acknowledges future research directions.

4.1. Strengths of the Model

The proposed model offers a comprehensive framework for evaluating environmental projects
by integrating economic, environmental, and social factors. This holistic approach enables decision-
makers to consider the full range of project impacts, rather than focusing solely on financial aspects
(Montgomery, 2025). The model’s ability to quantify intangible benefits, such as improved air quality
and community well-being, is a significant strength. By assigning monetary values to these benefits,
the model provides a more comprehensive evaluation of project outcomes, which is crucial for
informed decision-making.

One of the key strengths of the model is its flexibility. It can be adapted to various types of
environmental projects, from renewable energy initiatives to conservation efforts. For instance, a
renewable energy project aimed at reducing carbon emissions can use the model to assess its
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economic viability, environmental impact, and social benefits. The model can also be used to evaluate
the effectiveness of conservation projects focused on preserving biodiversity and identify areas for
improvement.

Another strength of the model is its potential to support policy-making. By providing a
comprehensive assessment of project impacts, the model can inform the development of policies that
promote sustainable development. For example, the model can be used to evaluate the cost-effectiveness
of different policy options for reducing greenhouse gas emissions or promoting biodiversity
conservation. This can help policymakers prioritize initiatives that deliver the greatest benefits at the lowest
cost.

4.2. Limitations of the Model

Despite its strengths, the model has several limitations. The assignment of monetary values to
environmental and social benefits can be subjective and may vary depending on the context. For instance, the
value of biodiversity conservation may differ significantly between regions, depending on the local
ecosystem and its significance to the community. Additionally, the model relies on the availability of
accurate data, which may not always be accessible, particularly in developing countries.

Another limitation is the challenge of capturing long-term impacts. Environmental projects often
have benefits that extend over decades, such as the preservation of ecosystems or the reduction of
greenhouse gas emissions. Quantifying these long-term benefits in monetary terms can be complex
and uncertain. The model may need to be refined to better capture these long-term impacts and
incorporate them into the analysis.

4.3. Potential Applications

The model can be applied to a wide range of environmental projects, including renewable
energy initiatives, conservation efforts, and sustainable urban development. For example, a
renewable energy project aimed at reducing carbon emissions can use the model to assess its
economic viability, environmental impact, and social benefits. The model can help identify the most
cost-effective technologies and strategies for achieving emission reduction targets.

In the context of conservation efforts, the model can be used to evaluate the effectiveness of
different approaches to preserving biodiversity. For instance, it can compare the benefits of
establishing protected areas versus implementing community-based conservation programs. The
model can also assess the economic and social impacts of these conservation efforts, such as the
creation of jobs in ecotourism or the improvement of local infrastructure.

Sustainable urban development projects can also benefit from the model. For example, the model
can be used to evaluate the cost-effectiveness of green infrastructure, such as urban parks and green
roofs, in improving air quality and reducing urban heat island effects. The model can also assess the
social benefits of these projects, such as enhanced community well-being and increased property
values.

4.4. Future Research Directions

Future research should focus on refining the model’s methodology for assigning monetary
values to environmental and social benefits. This could involve developing more robust valuation
techniques that consider the local context and stakeholder preferences. Additionally, the model can
be expanded to include more indicators, such as cultural heritage preservation and climate resilience.

Comparative studies can also be conducted to assess the model’s applicability in different
regions and contexts. This could involve applying the model to a diverse range of environmental
projects in various countries and evaluating its effectiveness in capturing the full range of project
impacts. These studies can help identify best practices and areas for improvement in the model’s
application.


https://doi.org/10.20944/preprints202505.0429.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 May 2025

18

Another avenue for future research is the integration of the model with other decision-making
tools, such as multi-criteria decision analysis (MCDA) and life cycle assessment (LCA). This
integration can provide a more comprehensive framework for evaluating environmental projects and
support more informed decision-making.

5. Conclusion

The proposed mathematical model for cost-benefit analysis of environmental projects provides
a robust framework for evaluating the economic, environmental, and social impacts of such
initiatives. By integrating these dimensions, the model offers a comprehensive assessment that
supports informed decision-making. The demonstration of the model through Python code and the
subsequent analysis of the results highlights its potential applications and limitations.

The model’s ability to quantify intangible benefits, such as improved air quality and community
well-being, is a significant advancement in the field of environmental project evaluation. By assigning
monetary values to these benefits, the model provides a more comprehensive evaluation of project
outcomes, which is crucial for informed decision-making. This is particularly important in the context
of environmental projects, where the benefits often extend beyond financial considerations.

The model’s flexibility and potential applications are vast. It can be adapted to various types of
environmental projects, from renewable energy initiatives to conservation efforts and sustainable
urban development. The model can also support policy-making by informing the development of
policies that promote sustainable development. By providing a comprehensive assessment of project
impacts, the model can help policymakers prioritize initiatives that deliver the greatest benefits at the
lowest cost.

However, the model also has limitations that need to be addressed. The assignment of monetary
values to environmental and social benefits can be subjective and may vary depending on the context.
The model relies on the availability of accurate data, which may not always be accessible, particularly
in developing countries. Additionally, capturing long-term impacts and incorporating them into the
analysis remains a challenge.

Future research should focus on refining the model’s methodology and expanding its scope to
address these limitations. This could involve developing more robust valuation techniques,
expanding the range of indicators, and integrating the model with other decision-making tools.
Comparative studies can also be conducted to assess the model’s applicability in different regions
and contexts.

In conclusion, the proposed model represents a significant step forward in the evaluation of
environmental projects. Its comprehensive approach and potential applications make it a valuable
tool for decision-makers and policymakers. However, further research and refinement are needed to
fully realize its potential and address the complex challenges of environmental project evaluation.

*The Author declares there are no conflicts of interest.

6. Attachments

import numpy as np
import matplotlib.pyplot as plt
from mpl_toolkits.mplot3d import Axes3D

# Try importing cumtrapz; if unavailable, define a custom function.
try:

from scipy.integrate import cumtrapz

except ImportError:

def cumtrapz(y, x, initial=0):

y =np.asarray(y)

X =np.asarray(x)
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dx = np.diff(x)
area = (y[:-1] +y [1:]) /2 * dx
return np.concatenate(([initial], np.cumsum(area)))

EEE RSP E RS S P S S S PR

# Graph 1: Sensitivity Surface of Integrated Value

BEHRERRR AR H AR AR R AR R R R SRR

T =50 # Time horizon (years)

r_vals = np.linspace(0.01, 0.1, 50) # Discount rates from 1% to 10%

phi_vals = np.linspace(0.5, 2.0, 50) # Environmental conversion factor values
R, Phi = np.meshgrid(r_vals, phi_vals)

# Synthetic function: Economic part discounted + environmental contribution
IV =1000 * np.exp(-R * T) + Phi * 500

fig = plt.figure()

ax = fig.add_subplot(111, projection="3d")

surf = ax.plot_surface(R, Phi, IV, cmap="viridis’)
ax.set_xlabel('Discount Rate (r))
ax.set_ylabel("Environmental Conversion Factor (¢)’)
ax.set_zlabel('Integrated Value (IV)’)

ax.set_title('Sensitivity Surface of IV as a Function of r and ¢")
fig.colorbar(surf, shrink=0.5, aspect=5)

plt.show()

HEHHARRHHR AR HHR RS AR SRR R AR AR A SRR R RS R 111
# Graph 2: Temporal Dynamics of Project Values
HERRHHRR AR RR AR R BB AR R AR AR AR
T =100 # Time horizon in years

t =np.linspace(0, T, 200)

# Simulated time series for each dimension:

EC_t=1000 * np.exp(-0.03 * t) # Economic value declines over time

ENV_t =500 * (1 - np.exp(-0.02 * t)) # Environmental value accumulates gradually
SOC_t =300+ 50 * np.sin(0.1 * t) # Social value oscillates over time

plt.figure()

plt.plot(t, EC_t, label="Economic Value (EC(t))’, linewidth=2)
plt.plot(t, ENV_t, label="Environmental Value (ENV(t)), linewidth=2)
plt.plot(t, SOC_t, label="Social Value (SOC(t))’, linewidth=2)
plt.xlabel("Time (years)’)

plt.ylabel(‘Value (monetary units)’)

plt.title("Temporal Dynamics of Project Values’)

plt.legend()

plt.grid(True)

plt.show()

bififigugudididifififigigugifididififibififigigugidfifififififiigugfididififigigiggig
# Graph 3: Impact of Risk Aversion on Valuation
bifigigugufififidififigigugifididififififigigiguddfifififififigigugfididifififigigdig
lambda_vals = np.linspace(0, 1, 100) # Risk aversion coefficient values between 0 and 1
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E_IV =500 # Assumed expected integrated value
variance_IV =300 # Assumed variance for demonstration

# Risk-adjusted integrated value calculation:
IV_risk = E_IV - lambda_vals * variance_IV

plt.figure()

plt.plot(lambda_vals, IV_risk, linewidth=2)
plt.xlabel("Risk Aversion Coefficient (A)")
plt.ylabel(‘Risk-Adjusted Integrated Value (IV_risk)’)
plt.title("Impact of Risk Aversion on Project Valuation’)
plt.grid(True)

plt.show()

figiggigugegigigipigigifng i g g gigugrprgrg g rfugr g gifgigig g g gy

# Graph 4: Comparison of Evaluation Methods

figigigiggegigi i gifug i g i gigugiprgrg g gifugrpigigigngif g gifugig gy

projects = [‘Project A’, ‘Project B’, ‘Project C']

economic_only = [300, 450, 200] # Valuations from traditional economic CBA
integrated_framework = [550, 600, 400] # Valuations from the integrated framework

x =np.arange(len(projects))
width = 0.35 # Width of the bars

plt.figure()

plt.bar(x - width/2, economic_only, width, label="Economic CBA’)

plt.bar(x + width/2, integrated_framework, width, label="Integrated Framework’)
plt.xlabel(Projects’)

plt.ylabel(‘Valuation (monetary units)’)

plt.title("Project Valuation: Economic CBA vs. Integrated Framework’)
plt.xticks(x, projects)

plt.legend()

plt.grid(True, axis="y’)

plt.show()

HERBEHRR AR HRS R AR AR H R AR R AR AR AR RS R A

# Graph 5: Sensitivity of IV to Environmental and Social Conversion Factors
BERBEHRR AR RS R R R AR AR R R R R AR AR RS R

phi_vals = np.linspace(0.5, 3.0, 50)

psi_vals = np.linspace(0.5, 3.0, 50)

Phi, Psi = np.meshgrid(phi_vals, psi_vals)

# Synthetic function with diminishing returns for both conversion factors:
IV =200 + (500 * Phi) / (1 + Phi) + (300 * Psi) / (1 + Psi)

fig = plt.figure()

ax = fig.add_subplot(111, projection="3d")

surf = ax.plot_surface(Phi, Psi, IV, cmap="plasma’, edgecolor="none”)
ax.set_xlabel("Environmental Conversion Factor (¢)’)
ax.set_ylabel("Social Conversion Factor (1))
ax.set_zlabel(‘Integrated Value (IV))
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ax.set_title("Sensitivity of IV to ¢ and {)
fig.colorbar(surf, shrink=0.5, aspect=10)
plt.show()

HEHAARHHHR A AR HRHBRB AR SR RERAR AR A HRR SRS R A1 4

# Graph 6: Integrated Value vs. Time Horizon for Different Discount Rates
BHEHRHR AR H R R R R R R R R

T=100

t =np.linspace(0, T, 500)

# Define sample functions for each dimension:

EC =1000 * np.exp(-0.03 * t) # Economic value declines over time
ENV =500 * (1 - np.exp(-0.02 * t)) # Environmental value accumulates
SOC =300 + 50 * np.sin(0.1 * t) # Social value oscillates

phi, psi =1, 1 # Conversion factors (for simplicity)
total_benefit = EC + phi * ENV + psi * SOC

r_list = [0.02, 0.05, 0.08] # Different discount rates
IV_curves = {}

for rin r_list:

discount_factor = np.exp(-r * t)

discounted_benefit = total_benefit * discount_factor
IV = cumtrapz(discounted_benefit, t, initial=0)
IV_curves[r] = IV

plt.figure(figsize=(8,6))

for r, IV in IV_curves.items():

plt.plot(t, IV, label=f'Discount Rate = {r}")

plt.xlabel("Time Horizon (years)’)

plt.ylabel(‘Cumulative Integrated Value (IV)’)

plt.title('IV vs. Time Horizon for Different Discount Rates”)
plt.legend()

plt.grid(True)

plt.show()

HERBEHRR AR RS R AR R AR R R R R RR AR R

# Graph 7: Monte Carlo Simulation of Integrated Value Distribution
AR RHHR A AR HHHRR R H A AR R AR AR H R RS R A1 1
np.random.seed(0) # For reproducibility

n_simulations = 1000

mean_IV =900 # Assumed mean integrated value

std_IV =150 # Assumed standard deviation

simulated_IV = np.random.normal(mean_IV, std_IV, n_simulations)

plt.figure(figsize=(8,6))

plt.hist(simulated_IV, bins=30, color="skyblue’, edgecolor="black’)
plt.xlabel('Integrated Value (IV))

plt.ylabel(‘Frequency’)


https://doi.org/10.20944/preprints202505.0429.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 May 2025

22

plt.title("Monte Carlo Simulation of Integrated Value Distribution”)
plt.grid(True)
plt.show()

g g i g g gigr i i g g rfu i g ifgrg g i gy

# Graph 8: Stacked Bar Chart of Component Contributions to Integrated Value
bifigigigididididififigigigfdidilifibifigigigudidfidifififigigigugfididififigigigdig

EC_value =400 # Economic contribution

ENV_value =300 # Environmental contribution

SOC_value = 200 # Social contribution

components = [‘Project X']
economic = [EC_value]
environmental = [ENV_value]
social = [SOC_value]

x = np.arange(len(components))

plt.figure(figsize=(6,5))

plt.bar(x, economic, width=0.5, label="Economic’, color="steelblue”)

plt.bar(x, environmental, width=0.5, bottom=economic, label="Environmental’, color="seagreen’)
pltbar(x, social, width=0.5, bottom=np.array(economic) + np.array(environmental),

label="Social’, color="indianred”)

plt.xticks(x, components)
plt.ylabel(“Value (monetary units)”)
plt.title("Component Contributions to Integrated Value’)

plt.legend()
plt.grid(axis="y")
plt.show()
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