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Abstract: Pharmaceutical manufacturing uses a lot of energy and produces significant carbon emissions. This 

project explores sustainable energy options by combining engineering improvements, IT-based optimization, and 

policy measures. A baseline study showed the site uses 4,500,000 kWh of electricity and 2,100,000 MJ of steam, 

resulting in 2,670 tons of CO₂ per year and an energy intensity of 5.25 kWh per kilogram of product. Various 
engineering upgrades, like heat recovery systems, electric steam generation, and advanced process controls, were 

analyzed for cost and effectiveness. Each could reduce CO₂ emissions by 55 to 112 tons per year, and together they 

could cut about 40% of the target emissions. IT tools, such as Energy Management Systems, predictive 

maintenance, and digital twin modeling, helped improve operations by increasing efficiency by 43% and cutting 

electricity and steam use by 10% and 5%, respectively. Policy support, including renewable energy incentives and 

energy efficiency grants, increased the chances of adopting these technologies and complemented the technical 

solutions. Overall, this combined approach could lower CO₂ emissions by over 1,050 tons per year without affecting 

production or costs. The project also provides useful resources for plant managers, policymakers, and sustainability 

experts to help reduce carbon emissions and meet climate goals. Bringing together different fields offers the best 

chance to achieve low-carbon pharmaceutical manufacturing aligned with global climate targets. 

 
Keywords: Pharmaceutical manufacturing, sustainable energy, carbon footprint reduction, energy management 

system, policy intervention 

 

I. INTRODUCTION 

The energy required to carry out pharmaceutical manufacturing operations is extensive. The 

energy—in the form of electrical power, steam, and water—required to fuel complex chemical 

and biological operations is finite yet essential. The global focus on sustainability and the various 

regulatory demands for carbon neutrality in general continue to increase the urgency of 

decreasing the carbon output of pharmaceutical manufacturing.  In addition to existing energy-

saving technologies, the pharmaceutical manufacturing sector continues to struggle with 

addressing its energy inefficiency and carbon footprint issues in a responsible manner [1]. The 

investigation of energy management practices is typically prompted by the appearance of an 

integrated technology approach, such as the one described here, yet it does not seem to offer any 

potential for emissions reductions [2]. The energy management practices do not seem to offer 

any potential for emissions reductions for investigation, sustainable energy solutions in this 

context include an engineering solution, along with an IT solution to integrate policy solutions. 

Engineering solutions include process intensification, proper heat recovery, studying the 
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electrification of processes, and reduction of energy use [3].The prospects for sustainable 

pharmaceutical manufacturing require a combined approach from areas that often seem 

unrelated. This may finally encourage the industry as a whole to take meaningful steps toward 

sustainability. The current research aims to propose a framework that uses engineering, IT, and 

policy proposals to show how to reduce carbon footprints in pharmaceutical manufacturing. This 

study will look at energy consumption during maintenance and assess the impact of retrofitting 

opportunities across the supply chain. It will also model and evaluate the effects of IT-enabled 

optimization techniques, including policies that improve incentives and consumer behavior 

related to regenerative development for a sustainable future in pharmaceuticals. Based on the 

findings from the assessment of practical and cost-effective solutions, the resulting outputs will 

offer useful information for plant managers, policy makers, and representatives, as well as 

members of large pharmaceutical organizations. By improving these contributions to 

sustainability and operational goals together, the research aims to encourage and support change 

in the sector. We want to stress that combining technological, digital, and regulatory approaches 

can lead to a significant reduction in carbon emissions in pharmaceutical manufacturing. 

 

II. RELATED WORKS 

Sustainable energy sources and cutting down the carbon footprint in manufacturing and 

pharmaceutical processes have been the focus of much research over the last two years. One 

specific area of research is removing pharmaceutical contaminants from industrial waste. This 

work is key to lowering environmental impacts and improving energy efficiency. Gautam et al. 

[15] studied activated hydrochars as a new material for contaminant removal. They showed that 

these materials have high adsorption efficiency and can be used in treatments that save energy.  

Supplementary studies have explored biological methods to sustainably clean the environment. 

Notably, Khan [23] summarized recent advancements in using fungi for pharmaceutical waste 

treatment. These innovations are both technically feasible and capable of achieving zero carbon 

footprints in wastewater treatment [20]. Several other studies, including those by Lázaro Adrián 

González Fernández et al. [25], also highlighted enzymatic methods with fungi for 

pharmaceutical waste. These studies suggest similar potential for creating zero carbon footprints 

in wastewater treatment. Additionally, Lázaro Adrián González Fernández et al. [25] provided 

informal research on algal-carbon materials for environmental cleanup. Their work shows the 

dual benefits of capturing carbon and producing renewable biofuels.Low-carbon competitiveness 

and digital integration have become important factors in manufacturing. He et al. [16] examined 

how adopting digital technologies affects China’s manufacturing sector. They found that these 

technologies improve operational efficiency and reduce energy use, which helps boost trade 

competitiveness in a low-carbon economy. Radu et al. [17] expanded this idea to polymer 

processing. They identified three research paths focused on integrating the circular economy and 

recovering waste resources for sustainable manufacturing. Additive manufacturing (AM), part of 

the Industry 5.0 and 6.0 frameworks, has also been looked at for energy efficiency. Izabela et al. 

[18] explored AM processes and proposed ways to reduce energy consumption while supporting 

mass-personalized production. They noted that next-generation manufacturing technologies play 

a crucial role in sustainability efforts. 

Carbon reduction efforts in manufacturing and healthcare have focused on combining technology 

and nature-based solutions. Jain [19] proposed integrating carbon reduction technology with 

nature-based strategies and outlined pathways for achieving climate-neutral operations. This has 
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implications for energy-intensive industries like pharmaceutical manufacturing. Jerin et al. [21] 

looked at models for assessing the carbon footprint of healthcare services and emphasized the 

need to track energy consumption patterns to support mitigation efforts. The authors, along with 

Kato and Hendrick [22], conducted a systematic review of the literature on sustainable supply 

chain management and related policy frameworks, identifying the next steps in this area of study. 

Kato and Hendrick [22] presented a broad framework for sustainable manufacturing in Africa, 

detailing various green supply chain initiatives within industrial sectors and highlighting the 

importance of energy efficiency and carbon reduction. Kristensen [23] discussed 

biotechnological product supply chains and briefly addressed governance and operational 

structures that could help minimize the environmental impact of manufacturing during 

production and distribution. Magableh and Bazel [25] offered insights into future renewable 

energy technologies, exploring interventions and applying multi-criteria decision-making 

(MCDM) methods to prioritize actions and improve energy performance while reducing carbon 

emissions. Overall, these papers illustrate the complex nature of sustainability in today's 

manufacturing and pharmaceutical sectors. Together with green engineering, biological 

treatments, IT-driven optimizations, and supportive policies, these efforts contribute to strategies 

aimed at reducing energy consumption and carbon emissions. This paper enhances the research 

by developing a comprehensive framework that includes engineering modifications, IT 

regulatory monitoring, and policy management to achieve measurable reductions in carbon 

disclosures in pharmaceutical manufacturing. 

 

III. METHODS AND MATERIALS 

This study uses a cross-disciplinary approach to explore and develop sustainable energy 

solutions in the pharmaceutical manufacturing context by bringing together engineering analysis, 

information technology-led optimization, and policy analysis to create measurable reductions in 

the carbon footprint. The four stage approach remains strict: 1) baseline assessment, 2) 

engineering interventions, 3) IT-enabled optimization, and 4) policy assessment. Each of these 

dimensions utilise both quantitative and qualitative analysis to provide both a full appreciation of 

the tactical upfront potential, as well as any potential actionable decisions that could be made 

around the reduction and optimization of pharmaceutical manufacturing energy use [4]. 

1. Baseline Assessment 

The first stage involves defining the current energy consumption profile and current carbon 

emissions of the pharmaceutical manufacturing facility. Primary data is sourced from utility bills, 

production logs, process sensors, and energy meters. The data includes electricity consumption 

(kWh), steam used in manufacturing (MJ), water consumption (m³), and production output (kg of 

product). In addition to this, just about every published study on energy intensity and emissions 

is then identified and sourced to inform the industry averages for energy intensity and carbon 

emissions [5]. We take a life-cycle assessment (LCA) approach in quantifying the total carbon 

emissions of the entire process, including scope 1 (direct), scope 2 (indirect from electricity) and 

where the data is available scope 3 (supply chain) emissions. We also develop performance 

indicators. For example energy intensity (kWh/kg product) and CO₂ equivalent per kg product. 
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Table 1: Sample Data Collection Parameters 
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drying 

Water 
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m³ Plant 
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on output 

kg MES 
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Emission 
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kg 
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₂/k

Wh 
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sion 

data
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Annua

l 

Used 

to 

calcul
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indire

ct 

emissi

ons 

2. Engineering Interventions 

The second stage of the process identifies and assesses energy-efficient engineering 

interventions. The author applied existing process engineering methods including pinch analysis 

and heat integration to minimize energy losses, area and temperature, maximize heat recovery 

opportunities, explore what could electrification of heating systems entail, what energy savings 
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might result in replacing existing old equipment with energy-efficient alternatives, and 

investigate new options for introducing advanced process control (APC) [6].  

Each intervention was considered using a techno-economic analysis (TEA) based on capital 

expenditure (CAPEX), operating costs (OPEX), energy savings, and CO₂ reduction potential. A 

decision matrix was then used to rank the potential interventions by energy savings, cost-

effectiveness, and practicability. 

Table 2: Sample Engineering Intervention Evaluation Matrix 

Interve

ntion 

En

erg

y 

Sa

vin

gs 

(%

) 

CA

PE

X 

($) 

Pay

back 

Peri

od 

(Yea

rs) 

Fe

asi

bili

ty 

Sco

re 

(1-

5) 

CO₂ 

Red

uctio

n 

(tC

O₂/y

ear) 

Heat 

recover

y 

system 

15 120

,00

0 

3.2 5 85 

Electric 

steam 

generati

on 

20 250

,00

0 

4.5 4 112 

Advanc

ed 

process 

control 

(APC) 

10 50,

000 

1.8 5 55 

High-

efficien

cy 

HVAC 

upgrade 

8 70,

000 

2.0 4 35 

3. IT Integration 

It is now possible to utilize information technology to continually monitor and optimize energy 

use. An Energy Management System (EMS) will be developed to continuously collect data from 

sensors, submeters, and production equipment. The EMS architecture includes predictive 

analytics to identify operations that require high energy use and optimize energy scheduling [7]. 

Digital twin models will be created that use both historical and real-time data in order to virtually 

imitate plant operations and test the effectiveness of energy-saving measures before adopting 

them. Machine learning algorithms can be used for predictive maintenance to minimize 

equipment down time and reduce the likelihood of wasted energy. Key performance indicators 
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(KPIs), such as energy savings per batch, reductions in CO₂ emissions, and cost savings, are 

tracked on dashboards to enable successive improvements in plant operations. 

 

4. Policy Analysis 

The fourth step considers regulatory and policy measures that may potentially affect the adoption 

of sustainable energy solutions. Any policies related to carbon pricing, renewable energy 

incentives, energy efficiency standards, and grants are evaluated using a mix of literature reviews 

and interviews with stakeholders, including regulatory authorities, plant managers, and energy 

consultants [8]. Scenario analyses of identified policy interventions are undertaken to assess how 

various measures will affect the types of investment decisions and energy savings. The multi-

criteria decision analysis (MCDA) framework comprised of technical, economic, and policy 

factors helps identify which measures are the best interventions [9]. 

 

5. Integration and Validation 

The methodology results in an integrated framework that includes engineering, IT, and policy 

measures. We will validate the framework through case studies that demonstrate how different 

combinations of these measures could impact energy use, emissions, and cost-effectiveness. 

Sensitivity analyses will help us pinpoint the key variables influencing our outcomes and test the 

strength of our recommendations. 

 

IV. RESULTS AND ANALYSIS 

This chapter details the results of the baseline energy assessment, engineering interventions, IT 

integration, and policy analysis related to pharmaceutical manufacturing. The results presented in 

this chapter, which are assessed both qualitatively and quantitatively, show the potential 

reductions in energy use and carbon emissions, the cost-effectiveness of the interventions, and 

the impact of policy incentives [10]. The results are organized on the following basis:  

1. Baseline energy and emission profile.  

In order to complete the baseline assessment, energy consumption data and production data were 

collected over the course of one fiscal year at the case-study facility. The plants principal sources 

of energy were electricity (60% of total energy use) and steam (35%), with natural gas and fuel 

oil contributing about 5%. Table 1 provides a summary of the baseline energy consumption, 

production output, and CO₂ emissions. 

 
Figure 1: “An Overview of Emerging and Sustainable Technologies for Increased Energy 

Efficiency and Carbon Emission Mitigation in Buildings” 
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Table 1: Baseline Energy and Emissions 
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ar 
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ns 
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ar 
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direct 

fuel 
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on 

Energy 
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y 

5.25 kWh/kg 

product 

Combine

d 

electricity 

and steam 

Carbon 
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2.23 kg 

CO₂/kg 

product 

Total 

energy-

related 

emissions 
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It is demonstrated that electricity usage is the high-energy footprint, which produces a significant 

portion of total CO 2 emissions (~84 percent), so electrification and grid decarbonization would 

be imperative in reducing carbon effects. 

2. Engineering Interventions 

Techno-economic analysis (TEA) was used to evaluate a series of engineering interventions and 

takes into account energy saving, capital cost, payback period, feasibility, and the possibility of 

reduction of CO 2. Table 2 presents the results of key interventions [11]. 

Table 2: Engineering Intervention Analysis 
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EX 

($) 

Payb
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Electri

c 
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proces
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control 

(APC) 
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0 

1.8 5 55 
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HVAC 
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e 
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0 

2.0 4 35 
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and 

lightin

g 
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5 15,00

0 

1.0 5 12 
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The information shows that heat recovery and generation of electric steam are the most 

significant interventions with respect to absolute reduction of CO 2. Nonetheless, APC and 

lighting optimization have the shortest payback times and greater viability, indicating that it is 

best to use a combination of both short-term and long-term approaches. There is a plot of 

cumulative CO 2 reduction potential of combined interventions that demonstrated a projected 

reduction of 40 percent of plant emissions in five years [12]. 

3. IT-Enabled Energy Optimization 

The use of an Energy Management System (EMS), predictive analytics, and digital twin 

modeling allowed monitoring the consumption of energy and optimizing operations in real-time. 

Table 3 presents a summary of the performance measures of interventions that are IT-enabled 

with a comparison between the pre- and post-implementation [13]. 

 
Figure 2: “The Sustainability Concept” 

Table 3: IT-Enabled Energy Optimization Results 

KPI Base

line 

Valu

e 

Post-

EMS 

Imple

menta

tion 

Improveme

nt (%) 

Electricit

y 

consump

tion 

(kWh/ye

ar) 

4,50

0,00

0 

4,050,

000 

10 

Steam 

consump

tion 

(MJ/year

) 

2,10

0,00

0 

1,995,

000 

5 
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Energy 

intensity 

(kWh/kg

) 

5.25 4.67 11 

CO₂ 

emission

s 

(tCO₂/ye

ar) 

2,67

0 

2,350 12 

Operatio

nal 

downtim

e (%) 

3.5 2.0 43 

The findings show that digital monitoring and predictive maintenance decrease energy wastage, 

minimize downtime, and decrease CO 2 emissions. The combination of digital twin simulations 

enabled equipment scheduling scenario testing, and there was an incremental 587% energy 

savings with no or very minimal capital expenditure [14] 

 

4. Policy Impact Analysis 

To establish the effectiveness of policy measures to foster the adoption of sustainable energy, 

policy measures were analyzed. Scenario modeling was employed to assess carbon pricing, 

grants on renewable energy and energy efficiency grants. Table 4 shows the effects of the major 

policy interventions to investment and emissions reduction. 

Table 4: Policy Intervention Scenarios 

Policy 

Interven

tion 

En

erg

y 

Sa

vin

gs 

(%

) 

CO₂ 

Redu

ction 

(tCO₂

/year) 

CAP

EX 

Supp

ort ($) 

Ado

ptio

n 

Like

lihoo

d (1-

5) 

Carbon 

pricing 

($50/tCO

₂) 

12 320 0 4 

Renewab

le energy 

incentive 

(20%) 

15 400 60,00

0 

5 
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Energy 

efficienc

y grant 

($50k) 

10 250 50,00

0 

5 

Regulato

ry 

complian

ce 

mandate 

8 200 0 3 

Finding suggests that the presence of incentives on renewable energy together with efficiency 

grants is the most effective tool to make high-impact interventions a possibility. Carbon pricing 

also leads to adoption, but might not go over easily without supporting incentives [27]. 

 
Figure 3: “Alternative Fuels for Agriculture Sustainability” 

 

5. Combined Framework and Sensitivity Analysis 

A multidisciplinary approach to engineering, IT, and policy interventions was emulated in order 

to ascertain cumulative impact. Table 5 includes estimates of combined strategies on a five-year 

horizon. 

Table 5: Integrated Intervention Results 
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Enginee

ring + 

IT 

30 800 500,

000 

3.5 20 

Enginee

ring + 

Policy 

28 750 440,

000 

3.2 15 

IT + 

Policy 

22 600 200,

000 

2.5 18 

Enginee

ring + 

IT + 

Policy 

(Full) 

40 1,0

50 

620,

000 

3.8 25 

Sensitivity analysis shows that the electricity price, efficiency of energy saving, and variation in 

capital costs play an important role in determining payback periods and reduction of CO 2. The 

integrated solution (Engineering + IT + Policy) offers the highest level of environmental gain 

and keeps the financial feasibility at a reasonable level, which proves the significance of a total 

strategy [28]. 

 
Figure 4: “Carbon Footprint Management with Industry 4.0 Technologies and Erp Systems in 

Sustainable Manufacturing” 

 

6. Discussion of Results 

The discussion validates that pharmaceutical manufacturing possesses a huge potential to cut 

down carbon emission through specific interventions. High-impact solutions, such as engineering 

strategies, heat recovery and electrification are costly to invest but offer high impacts. IT 

solutions provide economical refinements, real-time supervision and predictive regulation, which 

improve the overall effectiveness of the operations [29]. The use of policy instruments speeds up 

adoption, especially when they are used in conjunction with economic incentives. 
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The collaborative framework illustrates synergistic-based benefits: engineering will lower the 

minimum energy required, IT will guarantee optimum operation, and policy measures will be 

used to stimulate implementation. On the whole, the integrated solution is capable of decreasing 

energy consumption by up to 40 percent and CO 2 emissions by more than 1,000 tCO 2/year, 

meeting corporate sustainability objectives and regulatory requirements [30]. 

 

V. CONCLUSION 

This study explored the idea of sustainable energy solutions to pharmaceutical manufacturing 

using a combination of engineering interventions, IT-enabled optimization, and policy. The 

analysis has initiated by determining an overall baseline of energy use and carbon emissions, 

which has shown that electricity and steam use is the most prevalent in the environmental impact 

of the sector. The interventions engineering, especially heat recovery, electrification of steam 

generation, and high-level process control showed great potential in energy intensity and the 

following CO2 emissions, and it was predicted that even when combined in a sequence of steps 

the potential reduction could be up to 40%. IT-based applications such as Energy Management 

Systems, predictive maintenance, and digital twin modeling further increased the efficiency of 

operations, allowing to monitor and optimize the processes at the plants in real-time and to 

decrease the downtime and energy loss. The studies of the policy revealed that innovative tools 

such as carbon taxes, the incentives of renewable energy, and efficiency grants are effective in 

the adoption of sustainable practices, especially when collaborated with the technological tools. 

The combined results of the engineering, IT, and policy efforts show that pharmaceutical 

manufacturers can achieve significant carbon savings without hurting productivity or meeting 

regulatory requirements. This study emphasizes the importance of a wide-ranging approach to 

tackle environmental issues in energy-intensive industries. Plant managers, policymakers, and 

sustainability experts can use this study to gain practical insights into the effectiveness of 

technological, digital, and policy measures, demonstrating how these efforts can work together. 

Ultimately, the findings support the goals of operational improvement and environmental 

responsibility, offering a pathway for pharmaceutical facilities to transition to low-carbon, 

sustainable production while meeting international climate goals. 
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