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ABSTRACT: Industrial facilities are under increasing pressure to reduce energy consumption, lower greenhouse gas
emissions, and demonstrate measurable progress toward sustainability and environmental-performance goals. Boiler
and steam systems are major fuel consuming assets in many facilities, yet facility managers often lack accessible tools
for comparing the energy, cost, and emissions impacts of alternative boiler-efficiency measures before implementation.
This study develops an Excel Visual Basic for Applications (VBA) based temporal simulation tool for evaluating boiler
energy efficiency projects under facility specific operating conditions. The model estimates baseline boiler energy
use and CO, emissions from user defined operating parameters, applies selected efficiency measures from specified
implementation dates, and calculates daily and annual changes in fuel consumption, energy cost, and carbon emissions.
Nine scenarios were evaluated, including eight individual boiler-efficiency measures and one combined scenario. Under
the selected baseline operating conditions, condensate recovery produced the largest energy reduction among the
individual measures, followed by burner replacement, air-fuel ratio optimization, steam pressure reduction, blowdown
heat recovery, blowdown rate reduction, flue gas heat recovery, and insulation of exposed hot surfaces. The combined
scenario, which incorporated condensate recovery, air-fuel ratio optimization, and steam pressure reduction at different
implementation dates, produced the highest overall savings. The model was verified using 12 months of natural gas
utility bill data from a manufacturing facility. The simulated annual energy consumption differed from the utility bill
total by 1.48%, while monthly absolute percentage errors ranged from 1.48% to 12.09%. These differences were attributed
to production variation, weather effects, simplified load factor assumptions, and real world operating variability. The
proposed tool provides a transparent and low cost decision support framework for preliminary boiler project evaluation,
energy savings estimation, emissions accounting, and ESG oriented environmental performance tracking.

KEYWORDS: Boiler efficiency; excel VBA simulation; industrial energy management; carbon emissions reduction;
utility bill validation

1 Introduction

Industrial facilities are under increasing pressure to reduce energy consumption, lower greenhouse
gas emissions, and demonstrate measurable progress toward sustainability and environmental performance
goals. Industrial sector emissions include both direct emissions from on site fuel combustion and indi-
rect emissions associated with purchased electricity, making energy use a central target for emissions
reduction [1]. Sustainability disclosure standards also require companies to report climate related risks,
opportunities, performance, and progress toward climate related targets, increasing the need for measurable
energy and emissions indicators [2].
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Boiler and steam systems are important targets for industrial energy efficiency improvement because
they are widely used for process heating, space heating, hot water generation, and in some cases, power
generation. Boiler performance depends on several operational and design parameters, including steam
pressure, stack temperature, O, concentration in flue gas, feedwater temperature, blowdown rate, condensate
return, burner performance, insulation condition, operating schedule, and load variation. Because boilers
often consume substantial amounts of fuel, even moderate efficiency improvements can produce meaningful
reductions in energy use, operating cost and carbon emissions [3].

Several boiler efficiency measures are commonly used in industrial practice, including air-fuel ratio
optimization, burner replacement, steam pressure reduction, blowdown rate reduction, blowdown heat
recovery, condensate recovery, flue gas heat recovery, and insulation of exposed hot surfaces. These measures
affect different components of boiler energy loss and may vary substantially in their savings potential
depending on baseline operating conditions. Therefore, facility managers need practical tools that can
compare multiple efficiency options under site specific conditions before implementation.

Although boiler-efficiency calculation methods and individual energy saving measures are well estab-
lished, many facilities still lack simple and transparent tools for evaluating the combined effect of different
measures over time. Existing energy management and sustainability reporting tools often focus on historical
energy tracking, aggregate emissions reporting, or annual performance indicators. However, facility man-
agers frequently need forward looking decision support that can estimate how much fuel, cost and CO,
emissions can be reduced if specific boiler projects are implemented on different dates during the year. Static
annual calculators are limited for this purpose because they do not represent daily load variation, project
timing or the cumulative effect of multiple operational changes.

Utility bills provide an important independent basis for checking whether simulated energy use is
realistic, because they reflect actual facility consumption under site specific weather, production, and
operating conditions. However, monthly utility bills are too aggregated to directly represent the effects of
boiler level parameters such as stack oxygen, steam pressure, feedwater conductivity, blowdown rate and
condensate recovery. Therefore, a practical simulation framework should estimate energy consumption from
operational and design parameters, while using utility bill data for verification rather than direct model
fitting [4].

This study develops an Excel VBA-based temporal simulation tool for evaluating the energy, cost, CO,-
emission and environmental performance impacts of boiler-efficiency projects. The tool estimates baseline
boiler energy consumption using user defined operating parameters and daily load factor adjustment, applies
selected efficiency measures from specified implementation dates and calculates daily and annual changes
in fuel consumption, energy cost and CO, emissions. The model is verified using 12 months of natural gas
utility bill data from a manufacturing facility. The contribution of this work is engineering oriented and
application driven. It integrates boiler loss modeling, date specific implementation of efficiency measures,
daily load-factor adjustment, cost and emissions accounting, ESG (Environmental, social, & Governance)
oriented environmental performance estimation, and utility bill verification into a transparent decision
support framework. The proposed model is intended for preliminary boiler project evaluation, scenario
comparison and environmental performance tracking in industrial facilities.

2 Background and Related Work
2.1 Boiler Efficiency, Industrial Energy Performance, and Emissions Reduction

Manufacturing facilities are major energy consumers and therefore play an important role in reducing
greenhouse gas (GHG) emissions and improving sustainability performance. Energy-efficiency improve-
ment is one of the most practical strategies for industrial facilities because it can reduce fuel consumption,
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operating cost and environmental impact without necessarily reducing production output. From an ESG-
oriented environmental-performance perspective, energy consumption and carbon emissions are among
the most measurable and actionable indicators for industrial facilities. Prior studies have also shown that
environmental improvement can support economic performance through cost reduction, risk reduction,
innovation, and market advantage [5]. Ref. [6] further showed that corporate sustainability practices can
influence organizational processes and long-term performance. More recent ESG research has emphasized
materiality, where the relevance of each ESG factor depends on the industry and operating context [7].
For industrial facilities, this makes energy and emissions reduction a practical engineering pathway for
improving environmental performance.

Recent ESG literature further supports the need to connect broad sustainability objectives with measur-
able, sector-specific performance indicators. Ref. [8] developed a sector-specific ESG-SDG indicator system
and showed that ESG indicators should be connected to practical sustainability objectives, implementation
challenges, and sector-level operating conditions. Similarly, Ref. [9] reviewed ESG disclosure research
and identified environmental performance, sustainability reporting frameworks, regulatory requirements,
corporate governance standards, firm performance, and market outcomes as major themes in ESG reporting.
From a risk and sustainable-finance perspective, Ref. [10] showed that ESG research is increasingly linked
with resilience, risk management, performance evaluation, and value creation. In addition, Ref. [11] also
highlighted the growing role of digitalization in ESG research, suggesting that digital and data-driven tools
can support ESG-related measurement, reporting and decision making. These studies indicate that ESG-
oriented assessment is moving beyond general corporate reporting toward measurable indicators that can
support operational decision making. In industrial facilities, boiler energy use and CO, emissions serve as
practical environmental performance indicators because they are directly connected to fuel consumption,
operating cost and emissions reduction actions. Therefore, a boiler level simulation tool that quantifies energy
savings, cost savings, and CO, reductions can support ESG-oriented environmental performance tracking
by linking engineering interventions with measurable sustainability outcomes.

Boiler and steam systems are important targets for industrial energy efficiency improvement because
they are widely used for process heating, space heating, hot water generation and power related applications.
Boiler performance depends on several operational parameters, including steam pressure, stack temperature,
O, concentration in flue gas, feedwater temperature, blowdown rate, condensate return, burner condition,
insulation quality, operating schedule and load variation. Since boilers often consume substantial amounts
of fuel, even moderate improvements in boiler efficiency can produce meaningful reductions in energy use,
operating cost and CO, emissions.

Boiler efficiency is commonly evaluated using direct and indirect methods. The direct method estimates
efficiency by comparing the useful heat absorbed by the working fluid with the heat supplied by the fuel. This
approach is simple and useful for quick performance evaluation, but it does not identify individual sources of
energy loss. Ref. [12] applied the direct method for boiler-efficiency analysis in a thermal power station, while
ref. [13] used direct efficiency calculations for a 220 MW steam power plant. In contrast, the indirect method
estimates boiler efficiency by quantifying individual heat losses and subtracting them from the total fuel
input. These losses may include stack loss, blowdown loss, shell loss, radiation and convection loss, moisture-
related loss, and other miscellaneous losses. ASME PTC 4 provides a standardized basis for evaluating
fired steam generators using loss-based performance principles [14]. Ref. [15] developed a mathematical
model of a steam boiler room that considered multiple thermal losses, including flue-gas enthalpy, surface
losses, blowdown losses and deaeration related losses. Ref. [16] modeled time-varying boiler efficiency using
indirect-method principles and experimental data, showing that boiler performance can be represented
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through measurable operating variables. Ref. [17] also emphasized that the indirect method provides higher
diagnostic value, although it requires more detailed measurements.

For scenario-based boiler simulation, the indirect method is especially useful because it links changes in
operating parameters to specific loss components. For example, stack oxygen affects excess air loss, feedwater
conductivity affects blowdown loss, steam pressure affects enthalpy requirements, and exposed surface
insulation affects radiation and convection losses. This makes loss based modeling suitable for evaluating
how different boiler-efficiency measures influence fuel consumption, cost and carbon emissions.

Several boiler-efficiency measures have been studied and implemented in industrial energy manage-
ment practice. Combustion related measures, including air-fuel ratio optimization, burner replacement, and
improved burner control, can reduce stack losses and improve fuel utilization. Ref. [3] identified high air-fuel
ratios and high flue-gas temperatures as major contributors to boiler energy losses. Ref. [18] discussed low
NOx burner applications for boilers, furnaces, and gas turbines, while ref. [19] examined energy-efficient
burner systems for heat treatment furnaces. These studies show that combustion system improvements can
support both energy savings and emissions reduction.

Heat recovery measures also represent important opportunities for boiler energy savings. Feedwater
preheating and flue gas heat recovery use economizers or related heat-recovery devices to transfer heat from
exhaust gases to incoming feedwater or combustion air. Ref. [20] reported that feedwater economizers can
reduce fuel use in many industrial boiler applications. Ref. [21] also discussed the integration of transient
waste heat into the water-steam cycle to improve steam production and system performance. Similarly,
condensate recovery reduces the need for cold makeup water by returning thermal energy already supplied
to the steam system. Ref. [22] identified condensate return and steam system improvements as important
energy saving opportunities in industrial steam systems, and Ref. [3] noted that steam trap monitoring and
condensate recovery can reduce steam losses and improve system efficiency.

Blowdown control, blowdown heat recovery, and insulation address additional loss mechanisms. Boiler
blowdown is required to control dissolved solids and prevent scaling, foaming, and corrosion; however,
excessive blowdown removes hot water from the boiler system and increases both water and heat losses.
Ref. [23] discussed boiler blowdown energy recovery, while ref. [24] analyzed energy losses caused by
boiler blowdown. Insulation of exposed hot surfaces can reduce radiation and convection losses from boiler
shells, steam pipes, valves, and fittings. Ref. [25] quantified heat losses from steam-boiler surfaces and
evaluated the energy-saving and payback potential of insulation, while ref. [26] examined the effect of boiler-
part insulation on energy savings. Although the relative impact of each measure depends on site-specific
operating conditions, these studies provide the technical basis for evaluating boiler-efficiency scenarios using
a parameter-driven simulation model.

2.2 Environmental and Social Governance in Organizations

ESG has become an important framework for evaluating how organizations manage their environ-
mental responsibilities, social relationships, and governance practices. In organizational settings, ESG is not
limited to corporate reputation or investment screening; it increasingly represents a structured way to mea-
sure operational performance, disclose sustainability progress, manage risk, and communicate accountability
to stakeholders. The environmental dimension generally includes energy use, greenhouse gas emissions,
pollution, waste management, water stewardship, biodiversity impact, and resource conservation. The
social dimension includes employee health and safety, labor practices, human rights, diversity, community
relationships, customer responsibility, and supply chain impacts. The governance dimension includes board
oversight, internal controls, transparency, audit practices, executive compensation, shareholder rights, ethics,
and regulatory compliance [27-30].
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For industrial organizations, ESG is especially relevant because environmental performance is closely
connected to measurable engineering variables such as fuel consumption, electricity use, thermal losses,
carbon emissions, waste generation, and water use. Unlike some qualitative ESG indicators, energy and emis-
sions can be quantified directly and linked to specific operational decisions. This makes energy-efficiency
projects a practical pathway for improving the environmental component of ESG performance. Boiler and
steam system improvements are particularly relevant in this context because boilers are fuel intensive assets,
and changes in combustion efficiency, condensate recovery, blowdown control, insulation, heat recovery, and
steam pressure can directly affect natural gas consumption, operating cost, and CO, emissions.

Recent ESG studies also show that ESG has moved from a voluntary or ethical concern toward a broader
business and policy issue. Ref. [31] argued that ESG considerations increasingly influence global business
practices, policy formulation, consumer expectations, market behavior, and investment decisions. Ref. [32]
further examined ESG factors in relation to investment returns of American companies and showed the
growing importance of ESG indicators in evaluating financial performance and long-term value. Similarly,
Ref. [33] reviewed the relationship between ESG performance and firm risk, highlighting that ESG is
increasingly viewed as a risk management and strategic performance issue rather than only a sustainability
reporting activity. The Nature Portfolio collection on ESG impacts and risks also reflects the growing research
attention to ESG practices in relation to sustainable development, industry, innovation, infrastructure and
climate action [34].

At the organizational level, ESG implementation requires more than setting broad sustainability
goals. Companies must identify material ESG topics, collect reliable data, validate performance indicators,
monitor progress and prepare transparent reports for internal and external stakeholders. Professional ESG
guidance and consulting organizations emphasize that many companies struggle with ESG data quality,
authenticity, materiality assessment, operational integration, leadership accountability and stakeholder
trust [29]. These challenges are particularly important for industrial facilities because facility level energy
data may be distributed across utility bills, equipment logs, production schedules, maintenance records, and
engineering calculations. Without a transparent calculation framework, it can be difficult to connect reported
environmental improvements with specific operational actions.

The increasing availability of ESG and sustainability software also shows the growing demand for
data-driven ESG management. Current ESG software platforms commonly support data collection, metric
tracking, reporting, compliance management, audit trails, carbon accounting, data validation, dashboard
visualization, and risk management [35-37]. These tools help organizations organize sustainability infor-
mation and prepare reports, but many are broad corporate level platforms rather than engineering specific
calculation tools. For industrial energy applications, there remains a need for transparent facility level tools
that connect equipment-level changes with measurable environmental outcomes.

This study is positioned within that practical need. The proposed boiler efficiency simulation tool does
not attempt to calculate a complete ESG score because social and governance factors are outside the scope of
the model. Instead, it provides an ESG oriented environmental performance indicator based on quantifiable
reductions in boiler energy use and CO, emissions. By linking boiler-efficiency measures to annual fuel
savings, cost savings, and emissions reductions, the tool supports the environmental component of ESG
reporting and helps facility managers evaluate how specific engineering actions contribute to organizational
sustainability goals. Therefore, the model serves as a bridge between facility-level energy assessment and ESG
oriented environmental performance tracking.
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2.3 Load Variation, Utility Bill Verification, and Accessible Simulation Tools

Boiler fuel consumption varies with production demand, weather related heating demand, operating
schedule, and load factor. Industrial boilers may operate below their rated capacity or experience frequent
load changes due to process variability. Partial-load operation can reduce efficiency, increase cycling
losses, and affect emissions. Ref. [38] showed that flexible boiler operation under varying loads must
consider thermal stress and environmental constraints. Because real facilities experience both weather and
production variation, simulation models require a practical method for load adjustment. Heating degree
days can represent weather-driven heating demand, while production schedules or production proxies can
represent process-driven boiler demand. A combined load-factor approach can therefore provide a practical
representation of daily boiler demand when detailed sub-metered data is unavailable.

Utility bills are widely used in energy management because they provide measured facility-level
consumption data. Monthly natural-gas and electricity bills can support benchmarking, energy audits, and
performance tracking. Ref. [4] proposed baseline modeling using both weather and non-weather variables,
showing that utility data can be used more effectively when combined with operational information. Ref. [39]
used monthly utility bills and change point regression to estimate thermal performance and energy saving
potential in residential buildings. However, monthly utility bills are usually too aggregated to explain the
effects of specific boiler parameters such as stack oxygen, steam pressure, feedwater conductivity, blowdown
rate, or condensate recovery. Therefore, for boiler scenario analysis, utility bills are better used as an indepen-
dent verification source rather than as direct inputs to parameter level simulation. Combining operational
parameter based modeling with utility bill verification can provide both engineering transparency and
practical credibility.

Accessible simulation tools are important for small and medium-sized industrial facilities, where
advanced simulation software may be costly, difficult to customize, or unnecessary for preliminary project
evaluation. An Excel VBA tool is useful in this context because it can combine spreadsheet calculations,
user-input forms, automation, and visualization in a familiar environment. Ref. [40] developed an Excel
VBA based educational module for simulation and energy optimization of a spray drying process. Ref. [41]
used Excel VBA to simulate electric power plant performance and reliability using probabilistic methods.
Ref. [42] used simulation to evaluate boiler electrification as a decarbonization strategy. These studies show
that spreadsheet based and simulation based tools can support practical modeling, scenario testing, and
energy system decision making when the calculation structure and assumptions are clearly defined.

Several existing tools support industrial steam system and insulation analysis. MEASUR provides
assessment tools for systems such as steam, pumps, fans, process heating, and compressed air, while 3E Plus
focuses on insulation calculations such as heat loss and surface temperature. These tools are valuable for
energy-audit and thermal performance applications; however, the proposed Excel VBA tool is positioned
as a complementary facility level decision support framework. It integrates boiler loss calculations, load
factor adjustment, date specific implementation of efficiency measures, and annual energy, cost, and CO,
estimation within a single spreadsheet environment. This structure allows users to evaluate how different
boiler efficiency projects affect annual performance when implemented at different times during the year.

Scenario analysis is widely used in energy planning and environmental assessment because it allows
decision makers to evaluate alternative technologies, operating strategies, or policy conditions before
implementation. Ref. [43] discussed scenario analysis as a strategic management tool, while ref. [44] argued
that scenario analysis can improve environmental impact assessment by considering alternative future
conditions. Ref. [45] showed that combining scenario planning, energy system analysis, and multi-criteria
evaluation can improve transparency in energy decision making. For boiler energy-efficiency assessment,
scenario analysis is useful because facility managers often need to compare multiple possible projects before
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implementation. However, scenario tools must capture not only the type of measure but also the timing of
implementation and the cumulative effect of multiple measures. A date specific simulation structure can
provide more realistic annual estimates than a static before and after calculator, especially when projects
are implemented at different times during the year. Although time dependent scenario analysis is common
in energy modeling, this study applies it specifically to track boiler-efficiency projects within an ESG-
oriented framework. The model assigns implementation dates to individual measures and evaluates their
impact on energy use, cost, CO, emissions, and environmental performance over time. This approach
reflects the gradual implementation of efficiency actions in industrial facilities and supports continuous ESG
monitoring. The contribution lies in integrating date specific project tracking with facility level energy and
environmental performance reporting for steam systems.

2.4 Research Gap and Contribution of This Study

The literature shows that boiler-efficiency methods, energy saving measures, utility bill analysis, Excel
based simulation, and scenario analysis have each been studied separately. Boiler-efliciency studies provide
methods for estimating losses and identifying improvement opportunities [14-16]. Energy management
studies emphasize utility bill analysis, baseline modeling, and performance verification [4,39]. Scenario-
analysis studies show how alternative actions can be evaluated before implementation [43-45]. Excel VBA
and spreadsheet based studies demonstrate the practicality of accessible simulation tools for engineering and
energy applications [40,41].

In this context, the novelty of this study lies in linking facility level boiler-efficiency analysis with
ESG-oriented environmental-performance assessment in a practical and measurable way. Unlike many
ESG studies that focus on broad indicators or disclosure practices, this study demonstrates how specific
engineering interventions can produce quantifiable improvements in energy use, operating cost, and CO,
emissions. By translating boiler-efficiency measures into measurable environmental performance indicators,
it provides a practical framework for supporting project level decision making and sustainable operational
improvements in industrial facilities.

However, fewer studies integrate these elements into a single facility level decision support framework
for boiler-efficiency projects. Existing approaches often focus on technical efficiency calculation, historical
energy tracking, broad ESG reporting, or isolated scenario analysis. They typically do not provide an
accessible parameter driven tool that can simulate multiple boiler efficiency measures, assign different
implementation dates, adjust daily load factors, estimate annual fuel use and CO, emissions, and verify
modeled consumption against real utility bills. In addition, ESG-oriented tools often report environmental
indicators without directly linking them to specific engineering actions.

This study provides an engineering oriented, application driven contribution by integrating established
principles of thermodynamics, fluid flow, heat transfer, and mass transfer into a transparent simulation
framework for boiler efficiency evaluation. The model does not introduce new theory but applies energy
balance methods, combustion and stack loss analysis, blowdown and heat recovery calculations, and surface
heat-transfer concepts. Its novelty lies in organizing these relationships within a temporal Excel VBA model
that simulates project implementation, load variation, fuel use, cost, CO, emissions, and environmental
performance. Thus, it serves as a practical decision support tool for industrial energy assessment and
sustainability planning.

This study addresses this gap by developing an Excel VBA based boiler simulation tool that integrates
indirect method boiler loss modeling, time-dependent scenario analysis, daily load-factor adjustment,
energy cost and emissions estimation, utility bill verification, and ESG-oriented environmental performance
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tracking. By connecting operational boiler parameters with measurable environmental performance indi-
cators, the proposed tool supports practical decision making for industrial boiler efficiency projects and
provides a transparent basis for evaluating energy and emissions reductions before implementation.

3 Methodology
3.1 Simulation Framework and Model Inputs

This study developed a parameter driven boiler energy efficiency simulation tool using Microsoft
Excel and VBA. The objective of the model is to provide a transparent screening level decision support
framework for estimating the effects of boiler-efficiency measures on annual fuel consumption, energy cost,
CO, emissions, and ESG-oriented environmental-performance indicators.

The model operates on a daily time step over a 365 day simulation period. First, baseline boiler energy
consumption is calculated from user defined operating parameters and predefined engineering assumptions.
Second, selected efficiency measures are applied from user specified implementation dates. From each imple-
mentation date onward, the relevant boiler parameters are updated and modified daily energy consumption
is recalculated. Annual baseline and modified energy consumption are then obtained by summing the daily
values. The same structure is used to estimate annual cost savings and CO, emission reductions.

The simulation workflow consists of five main stages: baseline parameter definition, daily load factor
calculation, baseline energy use estimation, scenario based modification, and output reporting. Fig. | repre-
sents the algorithmic workflow of the proposed Excel VBA-based temporal boiler-efficiency simulation tool,
including baseline setup, load-factor adjustment, scenario selection, date specific parameter modification,
and energy, cost, and CO, emission output calculation.
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& Initial boiler setup ]

[ @ HDD and load factor adjustment

= Run simulation

Step4

Prompt fo
scenario
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Apply modification by date
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Calculate energy consumpti
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Figure 1: Algorithmic workflow of the Excel VBA-based boiler-efficiency simulation tool.
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The Excel workbook contains separate worksheets for initial boiler setup, load factor calculation, boiler
performance calculation, and simulation results. VBA is used to automate scenario selection, collect user
defined implementation dates and modified parameter values, update model parameters, and generate
results. A representative interface of the Excel VBA application is shown in Fig. 2, including the initial
setup worksheet, scenario selection dialog, scenario parameter input, and simulation results worksheet. The
methodological contribution is the temporal simulation structure and parameter driven scenario framework

rather than the software platform itself.

Representative Excel VBA application interface

(a) Initial Setup Worksheet (b) Scenario Selection Dialog
InitialSetup Modify Parameters
Parameter Value Unit @ Do you want to modify
Stack temperature 325 °F Oxygen in stack gases?
Oxygen in stack gas 7 % Yes BUNNEE
Steam pressure 60 psig Example scenario options
A | [ * Burner replacement

Steam production 10350 Ib/h « Air-fuel ratio optimization

* Steam pressure reduction
Only selected fields are shown; complete baseline inputs are SIMULATION * Condensate recovery
reported in Table 1 * Heat-recovery scenarios

elocenar ol e meteginput (d) Simulation Results Worksheet

Simulation Results

Modification date

Enter implementation day (1-365):

Output summary Reported value
32 [ ox ] .
Baseline energy use 45,875.75 MMBtu/year
- Modified 41,589.72 MMBt
Scenano parameter odified energy use u/year
- Net energy savings 4,286.04 MMBtu/year
Enter modified parameter value: +
2 % m Net CO; reduction 228.44 tons/year
Net Energy savings (%) 9.34%

The dialogs collect only the values required for the selected scenario.

Complete numerical inputs and scenario results are provided in Table 1 and the Results section; this figure illustrates the application layout and user interaction.

Figure 2: Representative Excel VBA application interface showing (a) initial setup worksheet, (b) scenario selection
dialog, (c) scenario parameter input, and (d) simulation results worksheet. Complete numerical inputs and scenario

results are provided in Table 1 and the results section.

Table 1: Baseline boiler operating parameters used in the simulation model.

Baseline Operating Parameters

Feedwater temperature 21.1 °C
Specific enthalpy of steam 2752 kJ/kg
Specific enthalpy of feed water 88.4 kJ/kg
Ambient air temperature 211 °C
Stack gas temperature 162.8 °C
Natural gas cost 2.85 $/GJ
Oxygen in stack gases 7 %
Boiler operates 24 h/day
Steam production 4695 kg/h
Saturated steam pressure 414 kPa(g)
Blowdown Parameters
Feedwater conductivity 0.02 S/m
Blowdown conductivity 0.5 S/m
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The model uses a combination of user-defined inputs and predefined engineering parameters. User
defined inputs are entered in the InitialSetup worksheet and represent the baseline operating condition of
the boiler. These inputs include feedwater temperature, ambient air temperature, stack gas temperature,
natural gas cost, O, concentration in stack gases, boiler operating hours, steam production rate, saturated
steam pressure, and feedwater conductivity. The baseline operating parameters used in the simulation are
summarized in Table 1.

Blowdown conductivity is set to 0.5 S/m. The flash-tank pressure is assumed to be 103 kPa(g). The
specific heat of flue gas is assumed to be 1.10 kJ/kg-K. Heat-recovery effectiveness is assumed to be 85% for
blowdown and flue-gas heat recovery scenarios. For insulation scenarios, the model first estimates exposed
surface heat loss and then assumes that insulation reduces this heat loss by 90%. These default values can be
modified when site specific data are available.

3.2 Daily Load Factor Adjustment

Boiler demand varies with weather conditions, production activity, operating schedule, and facility use.
To represent this variation, the model applies to daily load factor adjustment. The load factor represents the
ratio of actual boiler demand to the theoretical maximum boiler output for a given day.

The model assumes that boiler demand may be driven by both weather related space-heating demand
and production related steam demand. Heating Degree Days (HDD) are used to represent weather driven
heating demand, while production demand is represented by a normalized production factor. When
measured production data is unavailable, production demand can be approximated using a bounded
user-defined range.

The daily load factor is calculated as:

HDD P
Lp,t:a(—t)+(1—oc)( d ) )
HDDmaX Pmax

where Lp; is the load factor on day ¢, « is the weighting factor for weather-related demand, HDD; is the
heating degree day value on day t, HD D,y is the maximum HDD value during the year, P; is the production
demand on day t, and P,y is the maximum or baseline production demand. The coefficient « allows the
user to represent facilities in which boiler demand is dominated by space heating, production activity, or a
combination of both.

3.3 Boiler Loss and Energy Consumption Model

The model estimates boiler energy consumption using an indirect boiler-efficiency framework. The
indirect method was selected because it links changes in operating parameters to specific loss mechanisms,
including stack loss, blowdown loss, shell loss, and miscellaneous losses. This structure is suitable for scenario
analysis because each efficiency measure modifies one or more loss terms.

3.3.1 Blowdown Loss

Boiler blowdown is required to control dissolved solids and reduce the risk of scaling, corrosion, and
foaming. However, blowdown removes hot water from the system and therefore produces thermal energy
loss. The blowdown rate is estimated from feedwater and blowdown conductivities:

2)

where Ry is the blowdown rate, oy, is feedwater conductivity, and 03,4 is blowdown conductivity.



Energy Eng. 2026;123(12):18 1

The blowdown mass flow rate is calculated as:
Mpd = RpaSp 3)

where 11,4 is the blowdown mass flow rate and S, is the steam production rate.

The blowdown heat loss is calculated as:

Qv = MpaCpw(Toa = Tinp) (4)

where c,,,, is the specific heat of water, Ty is the blowdown temperature, and T, is the makeup water
temperature. In the daily fuel use calculation, this heat loss is converted into an equivalent loss fraction and
included in the total boiler loss term.

3.3.2 Stack Loss and Excess Air

The O, concentration in stack gas is used as an indicator of excess combustion air. Although some excess
air is required to support complete combustion, excessive air increases stack loss because additional air is
heated and exhausted through the stack. The model assumes complete combustion and calculates stack loss
from two terms: sensible heat loss in dry flue gases and enthalpy loss associated with water vapor in flue gases.

The sensible heat loss in dry flue gases is calculated as:

Ts,t - Ta

For =B co,

(5)

where Ly, ; is the dry flue-gas sensible heat-loss fraction on day ¢, k; is the Siegert constant for natural gas,
Ts,; is stack temperature, T, is ambient air temperature, and [CO, ], is carbon dioxide concentration in the
stack gas.

The CO, concentration is estimated as:

(6)

209-0
[COs]: = COnma (—“)

20.9

where CO; max is the maximum carbon dioxide concentration under stoichiometric combustion and O, ; is
the O, concentration in the stack gas. For natural gas, CO; .y is taken as 11.9%.

The water vapor related flue gas loss is calculated as:
Lyap,: = ko[1185 + T, — 2T, ] 7)

where L, 4, ; is the water-vapor-related stack-loss fraction and k; is a natural-gas-specific constant.

The total stack-loss fraction is:
Lstuck,t = Ldry,t + Lvap,t (8)

3.3.3 Steam Pressure and Enthalpy Requirement

Steam pressure affects the enthalpy of saturated steam and therefore the fuel energy required to generate
steam. In the model, a change in steam pressure modifies the steam enthalpy used in the energy-consumption
calculation. The direct boiler-efficiency relationship can be expressed as:
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ms eam hs_h
y = Doteamfs —hy) 9)
mfuelHHVfuel

where 7 is boiler efficiency, 715s¢qm is the steam mass flow rate, h; is the specific enthalpy of steam, i is the
specific enthalpy of feedwater, 71y,,; is the fuel mass flow rate, and HH V7, is the higher heating value of
the fuel. This direct relationship is provided for reference; the simulation itself calculates daily fuel use using
the indirect loss-based formulation.

3.3.4 Heat-Recovery and Insulation Measures

Condensate recovery reduces fuel consumption by returning hot condensate to the boiler system
and reducing the amount of cold makeup water that must be heated. The heat recovered from returned
condensate is calculated as:

Qcond,t = mcond,tcp,w(Tcond - Tmp) (10)

where #1104, is the mass flow rate of recovered condensate, T,,4 is the condensate temperature, and T,
is the makeup-water temperature.

Flue-gas heat recovery captures a portion of thermal energy leaving through the stack. Recoverable heat
from flue gas is estimated as:

Qfgi = thfgiCpre(Trgin = Trgout) (11)

where i1, is the flue-gas mass flow rate, ¢, r, is the specific heat of flue gas, T, ;, is the inlet flue-gas
temperature, and Ty, ,,; is the outlet flue-gas temperature after heat recovery. In the simulation, Ty, ous
is limited to 137.8°C to reduce the risk of condensation and corrosion, and heat-recovery effectiveness is
assumed to be 85%.

Surface heat loss from exposed boiler surfaces, steam pipes, valves, and fittings is estimated using a
combined convection and radiation heat-transfer coefficient:

qurf,t = hA(Tsurf - Ta) (12)

where Q,,, .t is the exposed-surface heat loss, h is the combined convective and radiative heat-transfer
coefficient, A is the exposed surface area, T, f is the surface temperature, and T, is the ambient temperature.
For insulation scenarios, the original exposed-surface heat loss is estimated first, and the model assumes that
insulation reduces this loss by 90%.

3.3.5 Baseline and Modified Daily Energy Use

Daily boiler energy consumption is calculated from steam production rate, enthalpy difference between
steam and feedwater, boiler operating hours, daily load factor, and estimated boiler loss fractions:

Sp (hs—hy) Oy kL,
Et =

= (13)
1= Ltack,t = Lsnetr = Lya,s — Lmisc

where E; is daily boiler energy consumption in GJ/day, S, is steam production rate, h; is steam enthalpy, h ¢
is feedwater enthalpy, Oy is daily operating hours, k is the kJ to GJ conversion factor, Lg ; is the daily load
factor, Lsqck, ¢ is the stack loss fraction, Lgj,;; is the shell loss fraction, Ly, ; is the blowdown loss fraction,
and L,,;,. is the miscellaneous loss fraction.
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For the baseline case, all operating parameters remain fixed at their initial values. Annual baseline
energy consumption is obtained by summing daily baseline energy consumption:

365
Eannual,base = ZEbase,t (14)

For the modified case, the model updates the relevant parameters from the implementation date of each
selected scenario. Modified daily energy consumption is calculated as:

Emod,t = Ep,t - Qcond,t - de,rec,t - Qfg,rec,t - Qins,t (15)

where E,uoq,¢ is modified daily energy consumption, Ej ; is daily energy consumption after parameter
modifications, Q.opq.; is the energy reduction from condensate recovery, Qbpd.rec.t is the energy reduction
from blowdown heat recovery, Q fa.rec,t 18 the energy reduction from flue gas heat recovery, and Qins,t is the
energy reduction from insulation. All recovered-energy terms are converted to GJ/day before subtraction.

Annual modified energy consumption is calculated as:

365

Eannual,mod = ZEmod,t (16)
t=1

Net annual energy savings are calculated as:
Esave = Eunnual,base - Eunnual,mod (17)

3.4 Scenario Implementation

The model supports eight individual boiler-efficiency scenarios and one combined scenario. Each
scenario is selected through VBA input dialogs. The user provides the implementation day between day
1 and day 365, and the corresponding parameter change is applied from that day through the end of the
simulation year. This structure allows the tool to represent realistic project timing rather than assuming that
all measures are implemented at the beginning of the year. Table 2 summarizes the boiler-efficiency scenarios
implemented in the simulation model. It identifies the required user input for each scenario and describes
how the model updates the relevant boiler operating parameters after the selected implementation date.

Table 2: Boiler-efficiency scenarios implemented in the simulation model.

Scenario Required User Input Model Action

Reduces stack oxygen to 3% from

1)B 1 t Impl tation dat
(1) Burner replacemen mplementation date the selected date

Date, surface temperature (°C),
P = Calculates exposed-surface heat

(2) Insulation of hot surfaces surface area (m?), geometry, loss and applies 90% reduction

diameter (m)

. Date, new feedwater conductivity =~ Recalculates blowdown rate and
(3) Blowdown-rate reduction
(S/m) blowdown heat loss

(4) Air-fuel ratio Recalculates excess air and stack
Date, new stack oxygen percentage

optimization loss

(Continued)
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Table 2 (continued)

Scenario Required User Input Model Action

Updates steam enthalpy and energy

(5) Steam-pressure reduction  Date, new steam pressure kPa(g) .
requirement

Calculates recovered condensate
Date, condensate recovery

percentage

(6) Condensate recovery heat and subtracts it from fuel

demand

o Calculates recovered blowdown
(7) Blowdown heat recovery Date, activation input . .
heat using 85% effectiveness

Calculates recovered flue-gas heat
(8) Flue-gas heat recovery Date, activation input using 85% effectiveness and a
137.8°C outlet-temperature limit

Applies selected measures
sequentially based on
implementation dates

Any combination of individual

(9) Multiple measures
measures

The combined scenario option allows users to evaluate multiple improvement measures implemented
on different dates. When multiple scenarios are selected, the model applies parameter changes sequentially
according to implementation date and recalculates daily energy consumption using the updated parameter
set. Therefore, combined savings are not treated as a simple arithmetic sum of individual savings.

3.5 Cost, Emissions, and Environmental Performance Calculations

Carbon emissions are calculated from natural-gas consumption using an emission factor of 50.3 kg
CO,/G]J. Because 1 metric ton equals 1000 kg, daily CO, emissions are calculated as:

E, x 117

COy,; = 201.62 (18)
where CO, ; is daily CO, emission in metric tons.
Annual CO, emissions are calculated by summing the daily values:
365
CO2annuat = ), COt (19)

t=1

The same equation is applied to baseline and modified energy consumption. Net annual CO, emission
reduction is calculated as:

ACO, = COZ,base - COZ,mod (20)

Annual energy cost is calculated as:

Cannual = Eannualcgas (21)
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where Cy,pyuqr is annual energy cost and Cg,; is the natural-gas cost in $/GJ. Net annual cost savings are
calculated as:

Csave = Cbase - Cmod (22)

Because this study focuses only on boiler energy consumption and carbon emissions, the model
estimates an ESG-oriented environmental performance indicator rather than a complete ESG score. The
indicator reflects modeled changes in boiler energy use and CO, emissions. Social and governance factors
are outside the scope of the model, and other environmental factors such as water, waste, biodiversity, and
policy related indicators are held constant.

The change in environmental performance is calculated using a weighted linear expression:

AE ACO, AO
Al = WE( )+wc =2 +wo( ) x 100 (23)
Ebase COZ,base Obuse

where Al ,, is the change in the ESG-oriented environmental-performance indicator, AE is annual energy-
use reduction, E 4, is baseline annual energy use, ACO, is annual CO, emission reduction, CO; j 45, is

baseline annual CO, emission, AO is the change in other environmental factors, and Oy, is the baseline
value of other environmental factors.

In this study, the boiler efficiency measures affect energy use and CO, emissions but do not quantify
changes in other environmental factors such as water use, waste generation, biodiversity, or policy-related
indicators. Therefore, AO is set to zero. The weighting factor (wp = 0.5) is retained to preserve the broader
environmental-performance framework, but this term does not contribute to the calculated score because
(AO = 0). This ensures that the indicator reflects only the verified steam-system impacts without overstating
broader environmental benefits. The weighting factors used for demonstration are wg = 0.2, w¢ = 0.3, and
wo = 0.5. These values are assumed and should be adjusted for industry-specific ESG frameworks, company
specific sustainability priorities, or formal environmental-performance scoring systems.

The weighting factors in the ESG oriented environmental-performance indicator were based on obser-
vations and discussions with manufacturing personnel through West Virginia University Industrial Training
and Assessment Center (WVU-ITAC) activities. These indicated that energy use and CO, emissions are
the most measurable and actionable indicators for steam system improvements, while other factors vary by
facility. As such, the weights provide a practical, not universal, representation of environmental performance
and can be adjusted to fit specific sustainability goals, sector priorities, or reporting requirements.

3.6 Model Verification Using Utility Bills

The model is verified by comparing simulated monthly natural gas consumption with actual utility
bill data from a manufacturing facility. Utility bills are not used as direct inputs to the simulation. Instead,
the simulation is driven by boiler operating parameters, including steam production, stack temperature,
O, concentration in stack gases, steam pressure, feedwater temperature, and daily load-factor adjustment.
Monthly utility bill data are used only after simulation to evaluate whether the model produces realistic fuel
consumption estimates.

The monthly percentage error between simulated and utility-bill energy consumption is calculated as:

Eytitity,i = Esim,i

Errori(%) = x 100 (24)

Eytitity,i
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where E,;jjisy,; is utility-bill energy consumption for month i, and Ej;,; is simulated energy consumption
for the same month.

The absolute percentage error is calculated as:

Eutility,i - Esim,i

APE;(%) = x 100 (25)

Eutility,i

Annual percentage error is calculated using total annual simulated and billed energy consumption.
This verification step provides a practical check on model reliability while preserving the model’s ability to
simulate future efficiency scenarios that are not present in historical utility data.

Monthly deviations between simulated energy use and utility bill data are partly due to operational
factors not captured by the current load factor model. While HDD and daily load factors reflect general
weather and production trends, they do not account for short term events such as shutdowns, start
ups, maintenance, schedule changes, boiler cycling, or operator adjustments; start ups can increase fuel
use, while shutdowns can reduce it, leading to monthly discrepancies despite accurate annual estimates.
Additional differences arise from weather and production variability not fully represented by aggregated
HDD adjustments or approximate load factors. These limitations suggest that incorporating more detailed
data such as shutdown and start-up schedules, production records, steam flow measurements, or submetered
fuel use could improve monthly accuracy; however, the low annual error indicates that the model remains
suitable for annual screening and scenario analysis.

3.7 Model Outputs, Assumptions, and Limitations

The simulation outputs are reported in the SimulationResults worksheet. The outputs include annual
baseline energy use, annual modified energy use, net annual energy savings, baseline and modified annual
CO, emissions, annual CO, emission reduction, baseline and modified annual energy cost, annual cost
savings, and daily baseline and modified energy use profiles. These outputs are intended to support
project comparison, preliminary energy savings estimation, carbon emission accounting, and environmental
performance documentation.

The simulation model is based on several assumptions that keep the tool transparent and suitable for
screening level facility decision support. (1) First, the model assumes that natural gas is boiler fuel. Therefore,
stack loss constants, emission factors, and selected default parameters are specific to natural gas fired boiler
operation. (2) Second, combustion is assumed to be complete; therefore, incomplete combustion losses are
not explicitly modeled. (3) Third, flue gas specific heat is assumed to be constant. (4) Fourth, heat recovery
effectiveness is assumed to be 85% for blowdown and flue gas heat recovery scenarios. (5) Fifth, insulation
is assumed to reduce exposed surface heat loss by 90%. (6) Sixth, when measured production data are
unavailable, production-related load variation is approximated using a bounded random factor. (7) Seventh,
utility bills are used only for verification and not for calibration or direct model fitting. (8) Finally, the
environmental performance indicator is limited to energy use and CO, emissions, while other ESG factors
are assumed unchanged.

Therefore, the model is intended as a transparent screening level decision support tool for comparing
boiler-efficiency scenarios, estimating annual energy and emissions impacts, and supporting preliminary
environmental performance assessment. Detailed site-specific calibration, higher resolution operational
data, and investment grade measurement and verification would be required for final project validation or
financial grade savings claims.
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4 Results and Discussion
4.1 Baseline Boiler Energy Consumption

The baseline simulation was performed using the existing boiler operating parameters of the facility.
These parameters served as the reference condition for all individual and combined efficiency scenarios.
Under the baseline condition, the model estimated annual boiler energy consumption of 48,407 GJ/year.
The corresponding annual CO, emission was 2434.64 metric tons/year, and the annual fuel cost was
$138,086.01/year.

Daily baseline energy consumption varied throughout the year because the model applied a load-factor
adjustment based on weather related and production related demand. The monthly baseline profile showed
higher consumption during colder months and lower consumption during warmer months, reflecting the
contribution of heating degree days to boiler demand. This baseline case provides the reference against which

all boiler-efficiency scenarios are evaluated. Fig. 3 shows the monthly baseline boiler energy consumption by
the simulation model.

Monthly baseline energy consumption
5,182
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Figure 3: Monthly baseline boiler energy consumption estimated by the simulation model.

4.2 Energy, Emissions, and Cost Impacts of Individual Scenarios

Eight individual boiler-efficiency scenarios were simulated and compared with the baseline case. Each
scenario was applied from its specified implementation date and remained active through the end of the

simulation year. The annual energy, emissions, and cost impacts of the individual scenarios are summarized
in Table 3.

Among the individual measures, condensate recovery produced the largest reduction in annual energy
consumption. Recovering 50% of condensate reduced annual energy use by 4080 GJ/year, equivalent to
an 8.43% reduction from the baseline. This also reduced CO, emissions by 205.21 metric tons/year and
produced annual fuel-cost savings of $11,639.16/year. The strong performance of condensate recovery is

expected because returned condensate reduces the amount of cold makeup water that must be heated to
generate steam.

The next most effective individual measure was burner replacement, which reduced the assumed stack
oxygen concentration to 3%. This scenario saved 741 GJ/year, reduced CO, emissions by 37.29 metric
tons/year and reduced annual fuel cost by $2115.15/year. Air-fuel ratio optimization, which reduced stack
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oxygen from 7% to 4%, saved 591 GJ/year, reduced CO, emissions by 29.73 metric tons/year, and saved
$1686.18/year. These results show that combustion related improvements can provide meaningful savings
when the baseline oxygen concentration in the stack gas is relatively high.

Table 3: Annual impact of individual boiler-efficiency scenarios.

Modified . CO; Reduction .
) Energy Savings . Cost Savings Energy
Scenario Energy Use (GJ/Year) (Metric ($/Year) Reduction (%)
(GJ/Year) Tons/Year) )
Burner 47,666 741 37.29 2115.15 1.53
replacement
Insulation of hot 48,369 38 1.92 108.94 0.08
surfaces
Blowdow.n-rate 48,217 190 9.56 542.42 0.39
reduction
Air-fuel rati
1r. u? ra}tlo 47811 591 29.73 1686.18 1.22
optimization
Steam—pr‘essure 48112 295 14.82 840.72 0.61
reduction
Condensate 44322 4080 205.21 11,639.16 8.43
recovery
Blowdown heat 48153 254 12.78 724.85 0.52
recovery
Flue-gas heat 48,349 52 2.63 148.93 0.11

recovery

Moderate savings were obtained from steam pressure reduction, blowdown heat recovery, and blow-
down rate reduction. Reducing steam pressure from 414 to 276 kPa(g) saved 295 GJ/year, while blowdown
heat recovery saved 254 GJ/year. Reducing feedwater conductivity from 0.02 to 0.01 S/m reduced the
calculated blowdown rate and saved 190 GJ/year. These measures produced smaller savings than condensate
recovery and combustion optimization but still provided measurable reductions in energy use, emissions,
and cost.

The lowest savings were observed for flue gas heat recovery and insulation of hot surfaces under the
assumptions used in this case. Flue gas heat recovery saved 52 GJ/year, while insulation of the selected
exposed hot surface saved 38 GJ/year. These results are case specific and depend on stack temperature,
recoverable temperature range, exposed surface area, insulation effectiveness, implementation date, and
facility load profile.

Based on annual energy savings, the individual scenarios were ranked as follows: condensate recovery;,
burner replacement, air-fuel ratio optimization, steam pressure reduction, blowdown heat recovery, blow-
down rate reduction, flue gas heat recovery, and insulation of hot surfaces. This ranking reflects the selected
baseline operating conditions and scenario assumptions. The relative ranking may differ for facilities with
different stack temperatures, condensate return potential, steam pressure requirements, blowdown rates,
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exposed surface areas, implementation dates, or operating profiles. Fig. 4 indicates the annual energy savings
from individual boiler efficiency scenarios.

Annual energy savings from boiler-efficiency scenarios

Combined scenario 4,523
Condensate recovery
Burner replacement

Air-fuel ratio optimization

Steam-pressure reduction

Scenarios

Blowdown heat recovery 254

Blowdown-rate reduction 190

Flue-gas heat recovery

Insulation of hot surfaces

0 1,000 2,000 3,000 4,000 5,000
Annual energy savings (GJ/year)

Figure 4: Annual energy savings from individual boiler-efficiency scenarios.

4.3 Combined Scenario and Effect of Implementation Timing

A combined scenario was simulated to evaluate the cumulative effect of implementing multiple
measures at different times during the year. The combined case included 50% condensate recovery on day
32, air-fuel ratio optimization to reduce stack O, to 4% on day 60, and steam pressure reduction to 40 psig
on day 91. Table 4 shows the annual impact of the combined scenario.

Table 4: Annual impact of the combined scenario.

Metric Baseline Combined Scenario Reduction
Energy use (GJ/year) 48,407 43,881 4523
CO, emissions (metric tons/year) 2434.64 220718 22746
Energy cost ($/year) 138,086.01 125,185.05 12,900.97
Energy reduction (%) — — 9.34

The combined scenario reduced annual energy consumption by 4523 GJ/year, corresponding to a 9.34%
reduction from the baseline. This resulted in annual CO, reduction of 227.46 metric tons/year and fuel-cost
savings of $12,900.97/year.

The combined savings were larger than those from any individual scenario. However, they were not
equal to the arithmetic sum of the individual savings because the measures were implemented on different
days and affected overlapping portions of the energy consumption calculation. This demonstrates the
value of the date specific simulation structure. In practical industrial settings, efficiency projects are often
implemented at different points during the year rather than simultaneously. A temporal model therefore
provides a more realistic annual estimate than a static before and after calculator. Fig. 5 shows the monthly
baseline and modified energy consumption for the combined scenario.



20 Energy Eng. 2026;123(12):18
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Figure 5: Monthly baseline and modified energy consumption for the combined scenario.

4.4 Comparative Environmental and Economic Impacts

Fig. 6 summarizes annual energy savings from the individual and combined scenarios. The comparison
shows that condensate recovery dominated the individual measures, while the combined scenario produced
the highest total savings. The large difference between condensate recovery and the remaining individual
measures indicates that the baseline boiler system has substantial recoverable thermal energy in the
condensate stream. Combustion related measures also provided meaningful savings because the baseline
stack O, concentration was relatively high at 7%.

Annual energy savings from individual and combined boiler-efficiency scenarios
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Figure 6: Annual CO, reduction and fuel-cost savings by scenario.
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Table 4 compares annual CO, reductions and fuel savings across scenarios. Because CO, emissions
and fuel are both directly proportional to natural-gas consumption in the model, their trends follow the
same order as energy savings. The combined scenario and condensate recovery case provided the largest
environmental and economic benefits, while insulation and flue gas heat recovery produced smaller benefits
under the selected assumptions.

4.5 ESG-Oriented Environmental Performance Indicator

The simulation results were converted into an ESG-oriented environmental performance indicator
based on percentage reductions in energy use and CO, emissions. This indicator should not be interpreted
as a complete ESG score because the model does not evaluate social, governance, water, waste, biodiversity,
or policy related factors. Instead, it represents the environmental performance change associated with
boiler energy and emissions reduction under the selected weighting assumptions. Table 5 indicates the
environmental performance change for each scenario.

Table 5: Environmental performance change for each scenario.

E Envi tal-
Energy Use CO, (Metric nergy COZ- nvironmental
Case (GJ/Year) Tons/Year) Reduction Reduction Performance
(%) (%) Change
Baseline 48,407 2434.64 0 0 0
Burner replacement 47,666 2397.35 1.53 1.53 0.77
Insulati fh
nsufation of hot 48,369 2432.72 0.08 0.08 0.04
surfaces
Bl -
owdown.rate 48,217 2425.08 0.39 0.39 0.20
reduction
Air-fuel ratio 47,811 2404.91 1.22 1.22 0.61
optimization
Steam.-pressure 48,112 2419.82 0.61 0.61 0.31
reduction
Condensate recovery 44,322 2229.43 8.43 8.43 4.22
Blowdown heat 48,153 2421.86 0.52 0.52 0.26
recovery
Flue-gas heat recovery 48,349 2432.02 0.11 0.11 0.06
Combined scenario 43,881 2207.18 9.34 9.34 4.67

The environmental performance indicator followed the same trend as energy and CO, reductions
because it was calculated from those two modeled quantities. The combined scenario produced the largest
improvement, 4.67 points, followed by condensate recovery with 4.22 points. Combustion related scenarios
produced smaller but measurable improvements, while insulation and flue gas heat recovery produced the
smallest changes under the selected case assumptions.
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4.6 Model Verification Using Utility Bill Data

The model was verified using 12 months of natural gas utility bill data from a manufacturing facility. The
facility operated two identical natural gas fired boilers, each with a steam production capacity of 2347 kg/h,
giving a combined steam production capacity of 4695 kg/h. The boilers were equipped with Power Flame
burners with low and high fire modulation rates of approximately 0.88 and 1.85 MW, respectively. The boilers
operated at 414 kPa(g), with an average stack temperature of 162.8°C and a stack oxygen concentration of
7% based on combustion analysis. The facility used steam for both production and space heating loads and
operated approximately 24 h/day, 6 days/week, and 50 weeks/year. HDD and operating information were
used to construct the load factor adjustment for the simulation.

Table 6 compares the simulated monthly energy consumption with utility bill data.

Table 6: Comparison between simulated monthly consumption and utility-bill data.

Month Simulated Data (G]J) Utility Bills (GJ) Error (%) Absolute Error (%)
January 5182 5583 7.18% 718%
February 4356 4208 -3.52% 3.52%
March 4477 4313 -3.80% 3.80%
April 3722 4020 7.41% 7.41%
May 3946 4072 3.09% 3.09%
June 3568 3872 7.85% 7.85%
July 3684 3975 7.32% 7.32%
August 3567 3273 -8.98% 8.98%
September 3607 3218 -12.09% 12.09%
October 3609 3663 1.49% 1.49%
November 3987 4089 2.49% 2.49%
December 4702 4838 2.81% 2.81%
Total 48,407 49,125 1.48% 1.48%
Average 4034 4094 - -

The simulated annual energy consumption was 48,407 GJ, while the utility-bill total was 49,125 GJ.
The annual absolute percentage error was therefore 1.48%, indicating good agreement at the annual scale.
Monthly absolute percentage errors ranged from 1.49% in October to 12.09% in September.

The monthly deviations are within the expected accuracy of a parameter driven model. While annual
error is low, monthly energy use varies due to weather, demand, operations, and boiler conditions, which are
hard to model without detailed data. Thus, the model is best used for reliable annual estimates and scenario
comparisons, with greater uncertainty in monthly results.

A key feature of the verification approach is that utility bills were not used as direct simulation inputs.
Instead, the simulation was driven by boiler operating parameters and load factor estimates, while the utility
bills were used only to check the realism of simulated annual and monthly fuel consumption. This preserves
the model’s ability to evaluate future scenarios that are not present in historical utility data. Fig. 7 indicates the
comparison of simulated monthly natural gas consumption with utility bill data used for model verification.
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Figure 7: Comparison of simulated monthly natural gas consumption with utility bill data used for model verification.

The monthly differences can be attributed to factors not fully captured by the screening level model,
including actual production variation, start up and shutdown events, maintenance periods, operator control
changes, weather deviations, and differences between assumed and actual daily load factors. Despite these
monthly deviations, the low annual error indicates that the model can provide useful facility level estimates of
annual energy use and emissions when reasonable boiler operating parameters and load factor assumptions
are available.

A key feature of the verification approach is that utility bills were not used as direct simulation inputs.
Instead, the simulation was driven by boiler operating parameters and load factor estimates, while the utility
bills were used only to check the realism of the simulated annual and monthly fuel consumption. This
preserves the model’s ability to evaluate future scenarios that are not present in historical utility data.

5 Discussion
5.1 Practical Implications and Limitations

The results demonstrate that the proposed simulation tool can distinguish between high-impact and
low-impact boiler-efficiency measures under a given set of operating conditions. Condensate recovery
produced the largest individual savings because it directly reduces the thermal energy required to heat
makeup water. Combustion-related measures also produced meaningful savings because the baseline stack
oxygen concentration was relatively high. In contrast, insulation and flue gas heat recovery produced smaller
savings in this case because the assumed exposed surface area and recoverable flue gas heat were limited.

The combined scenario highlights the value of date specific implementation. In industrial facilities,
efficiency projects are rarely implemented simultaneously at the beginning of the year. By allowing each
measure to begin on a specified day, the model estimates annual impact more realistically and provides a
practical basis for project scheduling, budgeting, and environmental performance tracking.

The utility bill verification results further support the usefulness of the tool for preliminary facility
level analysis. The model is not intended to replace investment grade measurement and verification but
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the low annual error relative to utility bill data suggests that it can provide credible annual estimates for
screening level energy and emissions analysis. Therefore, the tool is most suitable for early stage project
comparison, prioritization of boiler efficiency measures, and documentation of potential environmental
performance improvements.

Several limitations should also be considered. The model relies on user defined operating parameters
and default assumptions for heat recovery effectiveness, insulation performance, load variation, emission
factors, and fuel cost. The production related load factor is simplified when measured production data are
unavailable, which may increase monthly estimation errors. In addition, the model was verified using utility
bill data from one manufacturing facility; therefore, additional validation across multiple facilities, boiler
sizes, operating schedules, and industrial sectors is needed before generalizing the results. The ESG-oriented
environmental performance indicator is also limited to energy use and CO, emissions and should not be
interpreted as a complete ESG score. Although the model was validated using a natural gas fired boiler,
its methodology can be applied to other fuels, boiler types, and industries. Adjustments to fuel properties,
operating parameters, and site specific data are required. While broadly applicable, further validation across
multiple facilities is needed for wider conclusions.

Also, the results depend on several assumed parameters, including heat recovery effectiveness, insula-
tion performance, emission factors, fuel cost, and load factors. While suitable for screening level analysis,
their impact on energy, cost, and CO, estimates requires further evaluation. A detailed sensitivity analysis
is planned for future work to assess how variations in key parameters affect results and to improve the
robustness of the framework.

5.2 Future Works

The proposed tool provides a practical screening level framework, but several extensions could improve
its accuracy, scope, and applicability. First, the current production related load factor is approximated using a
bounded random function when measured production data are unavailable. Future work should replace this
approximation with actual production schedules, steam flow data, process operating records, or submetered
fuel use data. Incorporating measured production information would improve the representation of daily
boiler demand and reduce uncertainty in monthly energy consumption estimates.

Second, future work should include a detailed sensitivity analysis of key model inputs and assumptions.
Parameters such as stack temperature, O, concentration in flue gas, feedwater temperature, steam pressure,
condensate return fraction, blowdown rate, heat recovery effectiveness, insulation effectiveness, natural gas
cost, and emission factor can influence the estimated energy, cost, and CO, savings. Sensitivity analysis would
help identify which parameters most strongly affect the model outputs and would improve confidence in the
tool’s use for preliminary decision-making.

Third, the model should be further validated using data from additional boiler systems. The present
study verifies the tool using utility bill data from one manufacturing facility. Future validation using
multiple facilities, boiler capacities, operating schedules, and steam demand profiles would help evaluate the
general reliability of the simulation framework. Higher resolution data, such as daily or hourly natural gas
consumption, steam production, stack oxygen, stack temperature, feedwater temperature, and production
output, would also support more rigorous comparison between simulated and measured performance.

Finally, future versions of the tool may include a limited number of additional steam system measures
that are closely related to the current boiler efficiency framework. Examples include steam trap inspection
and repair, steam leak reduction, oxygen trim control, boiler sequencing, deaerator optimization, and
condensate return network improvements. These additions would remain within the scope of boiler and
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steam system energy assessment while allowing the tool to represent a wider range of recommendations
commonly identified during industrial energy audits.

6 Conclusion

This study developed a temporal, parameter-driven Excel VBA simulation tool for evaluating the
energy, cost, carbon emission, and environmental performance impacts of boiler efficiency projects in
industrial facilities. The tool was designed to support practical decision making by allowing users to define
baseline boiler operating conditions, apply selected efficiency measures on specific implementation dates,
and estimate the resulting daily and annual changes in fuel consumption, operating cost, and CO, emissions.
By combining boiler-loss calculations, daily load factor adjustment, date-specific scenario implementation,
cost and emissions accounting, ESG-oriented environmental performance estimation, and utility bill ver-
ification, the model provides a transparent and accessible framework for preliminary evaluation of boiler
improvement projects.

The proposed tool differs from a static savings calculator because it accounts for when each efficiency
measure is implemented during the year and how daily boiler demand changes with load variation. This
temporal structure is important for industrial applications, where energy efficiency projects are often
implemented at different times rather than simultaneously. The model therefore provides a more realistic
estimate of annual savings and allows users to compare individual and combined project scenarios under
facility-specific operating assumptions.

Under the baseline operating conditions considered in this study, annual boiler energy consumption was
estimated as 48,407 GJ/year, corresponding to 2434.64 metric tons of CO, emissions and an annual fuel cost
of $138,086.01. Among the individual measures, condensate recovery produced the largest reduction, saving
4080 GJ/year, reducing CO, emissions by 205.21 metric tons/year, and lowering fuel cost by $11,639.16/year.
This was followed by burner replacement, air-fuel ratio optimization, steam pressure reduction, blowdown
heat recovery, blowdown rate reduction, flue gas heat recovery, and insulation of exposed hot surfaces. The
combined scenario, which included condensate recovery, air-fuel ratio optimization, and steam-pressure
reduction implemented on different days, produced the highest overall savings, reducing annual energy use
by 4523 GJ/year, CO, emissions by 227.46 metric tons/year, and fuel cost by $12,900.97/year.

The results show that the relative effectiveness of boiler-efficiency measures depends strongly on the
baseline operating condition, available heat recovery potential, load profile, and timing of implementation.
For the case studied, condensate recovery dominated the individual scenarios because returning hot con-
densate substantially reduced the energy required to heat makeup water. Combustion related measures also
produced meaningful savings because the baseline stack O, concentration was relatively high. In contrast,
insulation and flue-gas heat recovery produced smaller savings under the selected assumptions, although
their impact may be larger in facilities with greater exposed surface area, higher stack temperature, or larger
recoverable heat potential.

The model was verified using 12 months of natural-gas utility bill data from a manufacturing facility. The
simulated annual energy consumption was 48,407 GJ compared with 49,125 GJ from utility bills, giving an
annual absolute percentage error of 1.48%. Monthly absolute percentage errors ranged from 1.48% to 12.09%.
These deviations reflect the screening-level nature of the model and may be attributed to actual production
variation, weather effects, start-up and shutdown events, operating schedule changes, simplified load factor
assumptions, and real world boiler control behavior. Nevertheless, the low annual error indicates that the
tool can provide credible annual estimates for preliminary energy assessment and project comparison when
reasonable boiler operating parameters are available.
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Overall, the main contribution of this study is the integration of boiler loss based simulation, temporal
project implementation, load-factor adjustment, cost and emissions accounting, ESG oriented environmen-
tal performance estimation, and utility bill verification into a low cost Excel VBA decision support tool. The
framework provides industrial facilities, energy auditors, and plant personnel with an accessible method for
comparing boiler efficiency projects before implementation and for linking engineering level improvements
to measurable environmental performance outcomes.
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