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Abstract 

Sustainability in the building industry is precipitated by 

climate action targets like the United States’ goal to be 

carbon neutral by 2050. Retrofitting the country’s 

existing building stock is vital to meet these goals. This 

paper proposes a practitioner’s approach to maximize 

retrofit impact for government-owned public buildings. 

Based on energy modelling results and heuristic input 

from sustainability consultants and stakeholders, a 

decision-support framework is proposed, and illustrated 

through a case study. The intent of this framework is to 

assist decision-makers with informed prioritization of 

retrofit interventions, keeping in mind the temporal 

complexities of funding and political considerations.  

Introduction 

With growing concerns about climate change, 

sustainability is moving to the forefront of the building 

industry in the United States. This change is precipitated 

by climate action targets, such as the American Institute 

of Architects (AIA) 2030 Challenge, and the United 

States’ goal to be carbon neutral by 2050 (U.S. 

Government 2021). Since buildings built between 1960 

and 1999 make up 54% of the total built space in the 

United States (U.S.EIA 2018), retrofitting existing 

buildings is vital to meet these goals. 

This paper presents an energy modelling assisted 

decision support framework for the retrofit of existing 

buildings, to achieve net-zero energy or emissions goals. 

The framework was conceptualized during a feasibility 

study assessing the possibility of retrofitting fire stations 

in Montgomery County, Maryland to be Zero Net 

Energy (ZNE) ready. Hence, the focus of this study is on 

retrofit of government-owned public buildings, referred 

to henceforth as Public Buildings. The study is limited to 

exclude complex typologies where equipment or 

operation is building specific and cannot be generalized 

by typology. 

Public Buildings within a region can be divided into 

distinct categories, such as fire stations, courthouses, 

post offices etc. Each of these categories is usually 

defined by its own program function. By generating a 

decision support framework for each category, carbon 

and energy saving measures can be templatized at a 

regional scale. This could increase overall energy and 

carbon impact without necessitating a proportionate 

increase in modelling effort. By simplifying the 

decision-making process for key stakeholders, the 

impact of energy modelling on tackling climate change 

is improved. 

This paper starts by presenting an overview of existing 

methods and literature encountered during the literature 

review, followed by details of the proposed decision 

support framework. A case study is then used to illustrate 

the usage of the framework, followed by limitations and 

future work. 

Background and Literature Review 

A study was conducted for fire stations in Montgomery 

County, Maryland. The county’s goal was to evaluate on 

site ZNE for Damascus Volunteer Fire Department #13 

(DVFD#13), an existing Fire Station building. The aim 

was to use this evaluation to identify energy and carbon 

reduction opportunities across their building portfolio. 

However, the desired method was to identify 

opportunities to achieve ZNE in the long run through 

cumulative retrofits as funds became available, rather 

than a single lumpsum capital expenditure effort.  

The long-term goal was not to optimize buildings to be 

net-zero one at a time; it was to provide a tool to 

empower municipal decision makers to add in gradual 

retrofits to their entire portfolio. For instance, if a 

recommendation of replacing windows was made for 

DVFD#13, the county needed the tools to assess whether 

it was economical to replace windows in all fire stations 

of similar age and scale.  

With these goals in mind, the following questions were 

used to develop the framework –  
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1. Who are the key stakeholders of Public Buildings? 

2. What are the incentives and deterrents for each 

stakeholder, when considering retrofit? 

3. How can a framework be used to balance the 

incentives and deterrents for each stakeholder? 

4. How can this process be made accessible and to 

government employees, such that they can 

independently allocate retrofit budget?   

The answers to these questions was sought through 

detailed discussions with the County, and a 

comprehensive literature review.  

Through conversation with government representatives, 

two key differences were identified between ZNE 

optimization studies and methods found in literature – 

1. While achieving ZNE on site is optimal, the priority 

is to manage funding and implement retrofits across 

the building portfolio. 

2. Private sector projects usually have a streamlined 

budget allocation process. However, Public 

Buildings such as fire stations rely on grants and 

government policy changes, especially in a retrofit 

context. Due to the fragmented nature of funding for 

Public Buildings, and fluctuation in the cost of 

materials with time, a complex temporal dimension 

exists in the decision-making process.  

In addition to the temporal complexity of decision-

making, informational barriers such as lack of common 

direction, consensus regarding prioritization of measures 

and limited political consciousness were identified 

(Jensen et al. 2018). Five dimensions impacting 

decision-making were identified – impact to occupants, 

impact to the environment, support from stakeholders, 

economic feasibility and practicality (Medal and Kim, 

2017). However, most studies in existing literature focus 

on multi-scenario energy and cost optimization of 

individual building retrofits (ElTahan et al. 2018, 

Ferreira et al. 2013, Jafari and Valentin 2017, Ongpeng 

et al. 2022, Malmgren et al. 2016). Factors such as 

project practicality, team collaboration and social 

rewards also influence retrofits of building portfolios 

(Medal and Kim, 2017), but are insufficiently 

encountered in literature.  

Subjective factors such as support from stakeholders and 

practicality are challenging to quantify and automate. In 

addition, conflicting interests are often found amongst 

stakeholders (Ferreria et al. 2013). However, interaction 

between stakeholders can facilitate achieving alignment 

in retrofit objective (Stephan and Menassa 2015). An 

existing method – Renobuild – focused on social 

evaluation along with financial and environmental 

analysis, with the social evaluation left open-ended and 

context dependent (Malmgren et al. 2016). With this in 

mind, a list of stakeholders for Public Buildings and their 

priorities is presented in the current study. 

In addition to the identification of stakeholder 

objectives, a method to aggregate the subjective 

priorities was required. The diagnosis of a building’s 

current state, level of data availability and operational 

requirements based on building type determine the 

“weight” assigned to different variables in this 

aggregation (Ferreira et al. 2013, ElTahan et al. 2018). 

Due to the temporal complexity of the current study’s 

objectives, frequent expert intervention was considered 

undesirable. Instead, the ability of decision-makers to 

change priority weighting based on a changing socio-

economic circumstance was considered desirable.  

Existing optimization tools are often reliant either on the 

availability of tagged data, the resources to generate a 

database, mathematical models or machine learning 

(Ferreiera et al., 2013, Khayatian and Sarto, 2017; 

Kaklauskas et al. 2007). Some frameworks integrated 

energy modeling and simulations within the decision 

optimization tool (Attia et al. 2012, ElTahan et al. 2018). 

The focus of these frameworks was accurate decision 

support provided by expert practitioners. However, the 

objective of the current study is to provide guidance for 

a building portfolio characterized by a single building 

type, such that an expert study sets precedent, 

empowering political decision makers to autonomously 

make decisions about retrofit priorities.  

The proposed framework relies on a worksheet approach 

to guide stakeholders in decision-making, rather than 

provide a tool that makes the decision. Another approach 

commonly used in the construction industry is Choosing 

by Advantage (CBA). In a CBA process, stakeholders 

shortlist alternatives, define factors that differentiate 

alternatives, establish evaluation criteria, and 

subjectively assess the advantage of each attribute 

relative to the least preferred one (Kpamma 2017). The 

importance of each advantage is thus decided and totaled 

for each alternative. The totals for each alternative based 

on the users’ subjective input are then used to evaluate 

cost data associated with the alternatives. 

The framework proposed in this study is similar in many 

ways to CBA. A set of alternatives (retrofit measures) is 

created, assigned evaluation criteria, and assigned 

subjective input by stakeholders. However, while CBA 

sums up subjective factors separately and uses the 

subjective “value” against cost data, the framework 

proposed integrates three quantitative attributes – energy 

savings, carbon reduction and financial impact – and 

normalizes them to be on the same scale as subjective 

factors identified. A “worksheet” approach is used, 

which allows decision makers to decision makers to 

change the weights assigned to each contributing factor, 
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quantitative and qualitative. The impact score computed 

through this method provides a ranking to the decision 

makers, limiting heuristic input to the weighting factors 

assigned, once stakeholder priorities are established. 

Building Performance Simulation and Optimization 

tools are a barrier for non-specialists in early decision-

making processes (Attia et al. 2012). The worksheet 

approach would lower this barrier, and enable faster 

retrofit decision-making in Public Buildings due to 

increased autonomy for municipal decision makers, 

reduced bureaucratic steps and less repetitive simulation 

analysis for similar building programs and objectives.  

Public Buildings can typically be divided into categories 

such as schools, post offices, fire stations etc., where 

each category has a fairly standard program managed by 

government regulations. So, the framework is meant to 

be used only for similar buildings with similar programs 

and occupancy patterns. The stakeholders identified for 

Public Buildings, details of the proposed framework and 

a case study demonstrating this approach are provided in 

subsequent sections.  

Decision-Support Framework 

This section provides an overview of the various steps 

that define the proposed framework, given below. 

 

1. Identification of Stakeholders – based on discussion 

with the primary stakeholder and an assessment of 

program details, stakeholders and their priorities are 

listed. 

2. Defining Impact Categories – using input from as 

many stakeholders as possible, impact categories 

are defined. For instance, some impact categories 

from a building user’s perspective would be the 

effect on indoor environmental quality (IEQ) and 

uninterrupted building operations. 

3. Selection and assessment of Representative 

Building – with input regarding buildings and 

building types within a building portfolio, a 

representative building for each category is chosen. 

Information collected should include the age, 

condition of the building, building materials and 

mechanical systems. In retrofit applications, it is 

critical to perform a site visit to obtain data about the 

building in question, and document it for 

comparison against future buildings being 

evaluated.  

4. Simulation and calibration of Representative 

Building – an energy model of the Representative 

Building is created, reflecting “Baseline” or 

“Business as Usual” operations. This serves as a 

Baseline for comparisons against a range of 

proposed Energy or Carbon Savings Measures 

(ECSM) used to achieve the ZNE or established 

energy savings goal. 

5. Collaborative completion of the Decision Matrix 

worksheet – the Decision Matrix is a table with 

ECSM categories along the row dimension, and 

Impact Categories established in previous steps of 

this framework as rating columns. Values for all 

matrix columns are filled out by the consultant and 

other primary stakeholders involved in project 

decision-making.  

6. Calculation of Impact– based on the values of the 

Decision Matrix Column, an Impact Score is 

calculated for each ECSM based on a weighted sum 

equation, described in a later subsection. The 

priority order of ECSM for the retrofit can then be 

determined in descending order of Impact Scores. 

 

More detail about the Decision Matrix, and the 

calculation of Priority Ratings is provided in the 

following subsection.  

What is the Decision Matrix?  

The Decision Matrix is a tabular worksheet, with 

recommended ECSM along the row axis, and two types 

of scoring columns – quantitative and qualitative. 

Examples of quantitative columns are energy savings, 

financial impact, carbon savings etc. User input into 

these columns can reflect the calculated anticipated 

savings, or a range of savings.  

Qualitative columns are the impact categories identified 

as priorities by stakeholders. For each impact category, 

ratings are defined on a relative scale ranging from 1 to 

5. For instance, a rating of 5 for ease of retrofit implies 

that the measure is easiest to apply when retrofitting, 

while 1 indicates the least ease. Similarly, a visibility 

rating of 1 would imply the least visible impact of the 

retrofit measure relative to others. Figure 1 denotes a 

color gradient assigned for visual assessment of the 

subjective ratings. All subjective ratings are on a relative 

scale that compares within the given list of ECSM. 

 

Best         Worst 

5 4 3 2 1 

Figure 1 Color scale for visual assessment of ratings 

A weighting factor is assigned to each of the column 

variables, such that the sum of all weighting factors is 1. 

This weight is assigned based on the priority of each 

impact factor, as determined by the primary 

stakeholders. The Impact factors can then be sorted to 

determine the highest and lowest priorities.  
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How are Impact Scores Calculated?  

A total “Impact Score” is calculated for each energy or 

carbon reduction method, based on all qualitative and 

quantitative columns per equation (1). In equation (1), 

each “x” is the value of an impact factor, multiplied by a 

corresponding weighting factor “w”. “n” is the number 

of impact factors identified for the building type and 

region. 

Impact Score = ∑ 𝑤𝑖𝑥𝑖
𝑛
𝑖=1 .. (1) 

 

It must be noted that the qualitative columns are first 

normalized to lie between 1 and 5, so that they are 

comparable to the qualitative columns before weighting 

factors are applied. Additionally, any quantitative 

columns that have a negative implication should be 

normalized such that the highest value is represented by 

1 rather than 5. This is a similarity with CBA, which 

considers positive values in summation, therefore not 

double penalizing less favorable charatceristics as would 

be done if negative values were assigned for  

disadvantages. For example, the alternative with the 

highest first cost is normalized such that it is equivalent 

to a rating of “1” on the scale of 1 to 5. A weighted sum 

was identified as a simple and intuitive solution to aid 

subjective decision-making by the primary stakeholders 

once the energy analyst or expert is out of the picture.  

Case Study and Simulation 

In this section, the framework described in the previous 

section is applied to fire stations in Montgomery county. 

The results from each step are provided. 

Identification of Stakeholders 

With guidance from conversations with county 

representatives and literature, stakeholders for Public 

Buildings were identified. The first four stakeholders are 

typical for any building type, while the last two are 

specific to Public Buildings. The stakeholders involved 

and impacted are – 

1. Users or tenants – Users of a building are most 

impacted by changes in indoor comfort conditions 

or indoor environmental quality (IEQ), and are most 

influential in determining operational efficiency. 

2. Facility managers – Those in charge of maintaining 

operations in a building are primarily concerned 

with practicality - ease of repair, operability and 

requisite training to maintain the systems. 

3. Owners and funding agencies – Owners and funding 

agencies are interested in economic implications - 

the amount of money invested and the return on that 

investment. In many cases, they are also interested 

in public perception surrounding a project. 

4. Environmental stakeholders – Big picture 

stakeholders are concerned with the wellbeing of the 

environment and ecology surrounding the building, 

and the building’s impact on climate change. 

In addition to the four stakeholders mentioned above, 

any construction undertaking by the government body 

also has political stakeholders; 

5. Politicians – Politicians and government agencies 

are driven by public perception and can impact 

buildings through policy and code changes. 

6.  Citizens – Citizens of a jurisdiction influence the 

politicians to bring about changes that they perceive 

as being in their best interest.  

Defining Impact Categories 

For the Fire Station, the following impact categories 

were identified – 

• Quantitative 

o Capital investment 

o Energy use reduction (relative to Baseline) 

o Carbon mitigation 

• Qualitative 

o Ease of retrofit 

o Ease of maintenance 

o Green visibility (political) 

o Uninterrupted Building Operations 

o IEQ Improvement 

The scope of this study did not include a detailed Life 

Cycle Cost Assessment (LCCA), hence economic 

impact category was limited to a subjective rating scale 

($ to $$$$) based on preliminary cost estimates. In a 

more detailed example, this could include a more 

quantitative assessment, including payback periods, for 

the commonly used economic impact category.  

Selection, Simulation and Assessment of DVFD#13 

In the case study, rather than assessing all fire stations to 

identify the Representative Building, Damascus 

Volunteer Fire Department #13 (DVFD#13) was put 

forth as the representative building by county 

representatives – the managers of the building portfolio. 

The rationale was to test the ability of a “worst-case” 

scenario to meet the ZNE goal.  

A “Baseline” or “Business as Usual” energy model was 

developed using EnergyPlus, an advanced program 

developed by the U.S. Department of Energy (DOE) that 

can run sub-hourly simulations. The geometry used for 

the model was developed using Sketchup and 

OpenStudio, as illustrated in Figure 2. All data regarding 

building envelope and mechanical systems was collected 

through site visits and coordination with other consultant 
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partners, and operational information was collected from 

the county representatives.  

The Baseline model was calibrated using utility bills 

provided by the owners, such that the monthly utility 

consumption aligned with the modeled consumption.  

 

Figure 2 Simplified building geometry modeled in 

Sketchup, used for the EnergyPlus simulation model 

This model was then used to compare various ECSM 

through energy modeling. The models were used to 

develop scenarios or paths to achieve ZNE on site for the 

building. The analysis was conducted by targeting 

building load reduction alternatives first, followed by 

heating and cooling system retrofits. A set of measures 

was studied for fire-station specific interventions, to take 

into account the unique building type. 

At the end of this analysis, a list of ECSM was compiled, 

along with their individual contributions of energy and 

carbon reduction relative to the Baseline. The detailed 

ZNE pathways developed are not included in this paper, 

since the scope of the current study is limited to the 

Decision Matrix and Impact Score process. 

Decision Matrix and Impact Ranking  

All ECSM presented in the single building analysis 

discussed in the previous subsection were compiled into 

a Decision Matrix, with each row representing an ECSM, 

and the columns containing quantitative and qualitative 

impact categories. The level of importance of each 

ECSM relative to the qualitative impact category was 

filled out on a scale of 1 to 5. Quantitative columns were 

filled based on first cost estimates and energy modeling 

outputs for the Performance Target range described. A 

row at the top of the matrix was used to assign weights 

to impact categories. These weights depend on priorities 

established by the Primary Stakeholders. Scenario A and 

Scenario B as shown in Figure 3 and Figure 4 

respectively represent two different types of stakeholder 

priorities. In Scenario A, the stakeholders prioritize 

energy, carbon and economic impact factors equally, 

putting less weight on the qualitative columns.  

In Scenario B, the retrofit decision-making is driven by 

financial and political motives, with a lower weight on 

energy and carbon, and higher prioritization of the 

“visibility” of a green retrofit.  

In both Scenarios, the Decision Matrix is sorted in 

descending order of Impact Scores. The highest priority 

in Scenario A is the installation of an Air-Source Heat 

Pump for hot water and chilled water production, 

whereas in Scenario B retrofitting all interior lighting 

takes priority.  

Discussion and Analysis 

The difference in outcome for both scenarios discussed 

in the previous section illustrates varying decision-

making based on priorities, given the same energy 

modeling results. While the individual energy and 

carbon impact ranges, and the subjective ratings for each 

impact factor are guided by a technical expert, the 

weighting of different impact categories is best 

determined by the primary stakeholder. 

By providing the primary stakeholders with a 

prioritization worksheet, they can be empowered to 

make decisions for similar buildings, or pick and choose 

which measure to implement first in a retrofit scenario, 

keeping in mind temporal complexities of funding and 

operation discussed in the introduction. In this workflow, 

by modeling a representative building per typology in a 

building portfolio, the control over long-term retrofit 

decision-making can be handed over to stakeholders 

more involved with day-to-day operation.  

It is important to underscore the Decision Matrix with 

two caveats – 

1) Despite similarities in building typology and 

location, every building being retrofitted must go 

through its own diagnosis – the condition of existing 

building systems is critical in determining 

practicality, and the subjective ratings might have to 

be adjusted accordingly. 

2) The Decision Matrix impact scores calculated using 

quantitative and qualitative values are only valid in 

a very similar climatic region, when there are 

multiple similar buildings such as fire stations 

located in a county. 

While the Decision Matrix may not lead to a ZNE 

building in the absence of individual analyses, it benefits 

owners whose overarching goal is to retrofit a large 

existing building stock and reduce collective energy use 

and emissions.By removing the barriers posed by 

complex simulation and mathematical models, owners of 

large portfolios with exiting building stock are able to 

make isolated improvements as and when funding 

allows, without having to go through a third party 

consultant to assess the benefit they might gain. 

© 2022 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution, 
or transmission in either print or digital form is not permitted without ASHRAE's prior written permission.

428



   

 

 

 

Figure 3 Decision Matrix Scenario A 

 

Figure 4 Decision Matrix Scenario B
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Limitations and Future Work 

A detailed cost assessment was not in the scope of work 

for the case study presented, and the cost metrics 

provided for a typically quantitative column are reduced 

to a subjective scale. However, in a more detailed 

implementation, the cost metrics would be replaced by 

first cost or payback period for better representation.  

The current study proposed Impact Categories in the 

context of the DVFD#13 case study and stakeholder 

discussions. A broader survey is needed among public 

sector building officials, so that a more generalizable 

tool for decision-makers can be developed. Such a 

generalizable tool for Public Buildings would 

standardize retrofit consulting feedback and make the 

decision-making process smoother. Since this retrofit 

decision-making approach is not recommeded for 

buildings that are not easily defined based on typology, 

enhancing it to include specialized buildings is not listed 

as a limitation or future work. Lastly, retrofit guidance 

tools for other private sector building portfolio owners 

need to be investigated. 

Conclusion 

In this study, a framework was introduced to support 

decision-making related to energy and carbon retrofit 

measures for Public Buildings. The framework was 

conceptualized through a ZNE feasibility assessment 

conducted for a fire station – Damascus Volunteer Fire 

Department #13 (MVFV#13) – in Montgomery County, 

Maryland. Since Public Buildings often rely on 

fragmented funding and changing monetary incentives 

to make upgrades, a temporal complexity exists. This 

complexity makes it challenging to approach retrofitting 

an existing Public Building as a “start-to-finish” project, 

with retrofit measures being applied years apart at times. 

Another defining characteristic of Public Buildings is the 

existence of consistent typologies. For example, all fire 

stations within a county have similar program 

requirements and occupancy patterns. 

The goal of the proposed framework is to provide 

guidance to decision-makers in the government to 

prioritize certain retrofit measures over others, keeping 

relevant stakeholders and political priorities in mind in 

addition to financial and environmental impacts. Rather 

than achieving on-site ZNE for each building in a 

portfolio, the framework provides insight about the 

probable impact of individual interventions within a 

building typology. The framework relies on the selection 

of a representative building. An energy model of the 

chosen representative building is then used to study 

energy and carbon reduction measures. The results from 

the energy model are entered into a Decision-Support 

Matrix, where the quantitative benefits of the measures 

along with subjective stakeholder inputs and priorities 

are combined using user-specified weighting factors. 

Using weighted scores, an overall Impact Score is 

calculated for each possible measure. The Impact Scores 

represent the prioritization of measures in descending 

order of value; a higher impact score represents a higher 

priority. In this paper, DVFD#13 was used to illustrate 

the application of the proposedframework. 

This method utilizes a low-tech and low-code approach 

to compare the retrofit impact of different strategies 

using a multi-stakeholder approach, where the 

prioritization of different subjective factors can be 

adjusted with changing times. This empowers decision 

makers to retrofit buildings as suitable funding 

opportunities and incentives arise, without having to 

repeat a detailed analyses for each building in their 

portfolio. By reducing the barrier of expert intervention 

time and cost in the implementation of these measures, 

the ultimate goal of reducing operational carbon of 

existing buildings is furthered. 

While the method does not provide a defined path to 

ZNE for each building, it furthers the goal of 

decarbonization by facilitating large scale decision-

making for existing building stock. The study 

summarizes a practitioner’s approach that could 

maximize the decarbonization impact of a single energy 

modeling project, when presented with a multiple-

building portfolio with clearly defined building 

typologies. 

This framework was proposed taking into account 

feedback from county representatives from 

Montgomery, Maryland. A broader survey is needed 

among public sector building officials, so that a more 

generalizable tool for decision-makers can be developed. 
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