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“Conservation may be a sign of personal virtue, but it is not a sufficient basis for a sound,

comprehensive energy policy.”

Dick Cheney



Abstract
A framework to create bottom-up energy models that support policy-design and

decision-making of electricity end-use efficiency: A case study in residential

buildings and the residential sector

by Marlene Ofelia Sanchez Escobar

In this work we present a framework that guides the creation of bottom-up energy models

(BUEMs) that aim to support policy design of electricity end-use efficiency. Energy models are

decision-making tools for policy-makers and they are key tools to evaluate decisions. However,

research reveals that bottom-up energy models are empirically created and they are not designed

to guarantee support towards policy design. Likewise, the use of scenarios has not been applied

as a standard technique within BUEMs. Thus, is it possible to align these models to specific

policy goals and standardize the use of scenarios in them through the application of a process?

The framework proposed in this work includes phases, processes, and artifacts that conduct

the modeler through the model’s construction process. The processes incentive best practices

for policy design for the residential sector and residential buildings. To build the proposed

framework, we first research the characteristics of BUEMs and their opportunity areas. Then,

we propose processes that are important for the model’s design but we consider the application

of best practices to overcome the problems encountered in the models. After that, we execute

the framework and record all the events for future analysis. To finish, we assess the process

execution quantitatively and qualitatively using the process mining technique.

The results of the framework’s application are promising by outperforming other methodologies

in the literature. In fact, it has been proved that model’s creation time can be diminished

with the application of the framework. Likewise, the framework promotes: (1) policy align-

ment from the start to the end of the model’s development process and (2) the definition of

scope boundaries. Moreover, it brings transparency to the process by the use of the proposed

templates.

On the other hand, the utilization of the process mining technique to create a process model has

brought advantages as well. For instance, (1) it is possible to monitor, control, and enhance the

model’s construction process and (2) The processes compliance can be evaluated and adaptations

can be recommended with quantitative evidence.
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Chapter 1

Introduction

Policy-makers (PMs) worldwide are concerned about the increasing of energy consumption and

CO2 emissions in their countries, considering the negative impacts on global warming, climate

change, and energy security. For instance, in 2019 the world energy outlook anticipates that

the building sector (including households and services) will continue being the main contributor

to global electricity demand by 2040 [1], due to a possible increment in the electricity use

of air conditioners, household appliances, and electric vehicles. Given this problematic, PMs

need tools to evaluate diverse strategies with the goal of improving the efficiency of electricity

use [2]; and consequently reduce emissions without compromising the development of electricity

services. The design of policies is an approach used by governments to promote electricity

end-use efficiency [2].

1.1 Motivation

Energy-efficiency policies provide useful strategies for energy sectors without requiring an enor-

mous investment to apply them. Yet, the design of policies rely on the creation of models,

which are considered tools to support decision-making and policy selection. These last are cate-

gorized as top-down or bottom-up based on their level of data aggregation, details of technology

representation, and degree of endogenous behavior. However, for the modeling of electricity

end-use, research reveals that bottom-up energy models (BUEMs) provide limited support on

policy design specially for residential buildings; since models have been implemented without

considering documented best practices.

1
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1.2 Proposal

In this document, we proposed a framework to improve the support that bottom-up energy

models provide to policy design of electricity end-use efficiency. The framework aims to consider

best practices for model creation. For instance, the framework promotes:

1. The inclusion of key energy efficiency metrics,

2. The implementation of scenario to support decision-making,

3. The utilization of a portfolio of design techniques that facilitate their selection.

The inclusion of best practices in model design is relevant to policy makers, since models are

useful components to support decision-making (through scenarios) and therefore they can reduce

the risk of implementing a policy that will not provide results or that will not give a return

of investment in a time period. Likewise, it can be mitigated the cost of implementation of a

policy that could not work out. We believe that this study propose a new way of addressing

the design and quality of bottom-up models, which is relevant for model designers as well.

1.3 Hypotheses

The following hypotheses will be evaluated in the study:

1. The creation process of bottom-up energy models can be measured, monitored and man-

aged to achieve process compliance and policy alignment,

2. The creation process of bottom-up energy models can be adapted to guide the design of

energy efficiency scenarios that support decision-making.

1.4 Objectives

The specific objectives of this research are:

1. To create a mechanism to measure, monitor, and improved the creation process of bottom-

up energy models,

2. To guide the design of scenarios within bottom-up energy models.
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1.5 Scope and limitations of the study

In the research conducted, we focus on BUEMs that aim to be useful to design policies at the

end-use level considering granular data sets and avoiding general assumptions present in top-

down models. We explore the case of data-driven models created on Decision-Making Centers

(i.e., DMCs), which are environments that facilitate stakeholders’ decision-making processes

using predictive models and diverse what-if scenarios [3]. We select DMCs by the positive

impact on policy design that they provide. Furthermore, we focus exclusively on some phases

of the model creation process in order to promote the support of BUEMs towards policy design

of electricity end-use efficiency.



Chapter 2

Theoretical Framework

2.1 Energy Policy and Policy Design

Energy policy focus on energy supply security and affordability, competitiveness in the energy

market [4], and limited impact to the environment [5]. Governments aim to select policies that

improve the economic and social welfare of people and that help to build a “stronger, cleaner

and fairer world” [6]. Thus, the policy life cycle shown in Figure 2.1 assists the development of

energy policies in OECD1 countries.

Figure 2.1: Energy Policy Life Cycle (Adapted from [6])

1Organization for Economic Co-operation and Development

4
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In this research, we focus on the policy design phase, since it involves the pre-evaluation of

technologies and economic approaches; considering diverse course of actions and allowing to

achieve goals in a sustainable form [6].

The term policy design refers to the process of formulating the policy output [7] (i.e., policy

goals, instruments, and settings in which policies are applied [8]). According to Varone et al.

and Haelg et al., the process can also be focused on the selection of policy instruments2 [10], on

policy mix (i.e., combination of instruments), and on fine-grained instrument analyses [7]. The

policy output creation can be performed with different levels of abstraction. aims, and means)

[7]; as can be regarded in Table 2.1.

Table 2.1: Policy design - Levels of abstraction

Level of abstraction Policy aims Policy means
High-level General policy goals General policy instrument logics
Mid-level Policy objectives Policy instrument types
Low-level Policy settings Policy instrument calibrations

In the case of the promotion of energy efficiency, the literature reveals a vast list of instruments

[10] to address specific policy goals (designed at the high and medium level of abstraction).

For that reason, in this work, we do not focus on the creation of new instruments but on their

selection using bottom-up energy models as support tool.

The selection of policy instruments considers the following four dimensions [10]: (1) degree of

coercion, (2) resource intensiveness, (3) political risk, and (4) targeting. The first represents

the limitations of ideas and financial resources experienced by the role of government or pri-

vate market. The second contemplates the administrative operating costs to implement and

evaluate specific instruments. The third refers to the possible visibility of the policy’s lack of

success. Finally, the fourth dimension focus on the precise selection of target recipients for

policy instruments. Table 2.2 shows examples of each dimension.

Table 2.2: Dimensions for instruments selection and examples

Policy selection di-
mension

Example

Degree of coercion A president tends to adopt instruments depending on their polit-
ical affiliation (e.g., democrat or republican)

Resource intensiveness The government creates an Energy Conservation Committee to
implement diverse energy instruments

Political risk Instruments are implemented but reverted without considering
their experiences in other countries

Targeting Electricity companies dispute certain instruments in contrast to
the customer desire

2Policy instruments (or interventions) are approaches used to promote particular policies and reach specific
goals [9]
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The main concepts for the design of electricity end-use policies is explained in the following

section.

2.2 Policy Design of Electricity End-use Efficiency

In the energy sector the study of energy efficiency and how it can be improved at the end-use level

is a relevant research topic. Energy end-uses are part of the energy demand-side and include [11]:

Appliances (A), Space Heating(SH), Space Cooling (SC), Lighting (L), Water Heating (WH),

and Cooking (C). End-use energy efficiency focus on the efficient use of final energy in industry,

services, agriculture, households, transportation, and other areas like buildings.

The policy design of energy efficiency focuses on the selection of policy instruments with the aims

of achieving energy efficiency objectives [10], eliminate barriers toward efficiency, and gain energy

efficiency benefits [12]. Examples of energy efficiency objectives are: reducing CO2 emissions,

improve air quality and energy security [13], control energy consumption, and enhance energy

efficiency levels[12]. The policy instruments shown in Table 2.3 are used in the design of energy

efficiency policies [14].

On the other hand, the policy design of electricity end-use efficiency (which is an energy effi-

ciency sub-field) focus on the factors that distort market and restrict the adoption of efficient

technologies [2]. For instance, expected short payback period on investments, uncertainty about

actual savings, the lack of trained people to invest in energy efficiency, physical barriers of the

technology, attributes that affect performance, and unfavorable investment due to lower aver-

age usage of the product [2]. Electricity is relevant (as final energy) in the energy mix since

its generation represents one-third of the total OECD emissions [15], and its contribution in

the residential sector is considerable (greater than 40%) and continues to increase [16]. This

last has made governments pay immediate attention to new forms of improving the efficiency

of energy use [17].

In the next section, we define bottom-up energy models as tools to improve energy end-use

efficiency, how they characterize, and finally which features are useful to support policy design.
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Table 2.3: Energy Efficiency Policy Instruments.

Type of Instrument Instrument Description

Market-based

Energy Taxes Impact the price of goods and services that gen-

erate high greenhouse emissions or the price of

the emission itself [18].

Tradable emissions

permits

Limited emission permits are divided among

companies that pollute to control the amount

of emissions agreed by regulatory agencies [19].

White certificates

schemes

Energy suppliers commit to (1) Promote energy

efficiency in final uses and (2) implement inter-

ventions to save a percentage of their distributed

or supplied energy [20].

Financial

incentives

Subsidies Direct payments or tax rebates are used to mo-

tivate expenditure on energy efficiency [14].

Access to capital

measures

Grants and loans are provided to drive specific

energy efficiency expenditures [14].

Regulatory Measures Codes and

Standards

Building codes and energy performance stan-

dards [14] are used to impose the compliance

of minimum energy efficiency levels to products

or services (e.g., building design or construc-

tion [21]).

Information

and

Feedback

Information Certificates, labels, or audits are used to avoid

suboptimal energy efficiency investments [14].

Feedback Consumption and energy information is given to

consumers to promote energy conservation [22].

Non-regulatory

measures

Voluntary

Agreements

Adjustable agreements among firms and public

authorities used to increase energy efficiency and

diminish greenhouse emissions [23].

2.3 Bottom-up energy models and the modeling of end-use en-

ergy efficiency

Energy models allows the simulation of policy, technology alternatives, and their consequences

in the demand and supply of energy [24]. These models are categorized as top-down and bottom-

up based on their level of data aggregation. The first rely on aggregated data to perform analysis

of sectors interaction; while the second use disaggregated data to analyze energy end-uses and

technological choices [25]. Our research focus only on the latter and in the following sections

we explain key concepts for this work.
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Bottom-up energy models

Bottom-up energy models (BUEMs) are characterized by their sector coverage, geographical

coverage, time horizon, methodologies, end-use energy modeling techniques, programming tech-

niques, data time split, metrics, and residential electricity end-uses. Table 2.4 presents the

complete taxonomy of bottom-up energy models.

Sector coverage: BUEMs can consider the impact of policies, technologies, or other factors

in one or more sectors [26]. Examples of sectors that can be included in models are: eco-

nomic sector, which comprises energy and production sectors, and demand sector that includes:

households, buildings, industries, and transport sectors [27].

Geographical coverage: Models can represent at different geographical levels the electricity

consumption and its efficiency (e.g., worldwide, international, sector, regional, or project level)

[25].

Time Horizon: Time horizon in BUEMs is defined in time frames [30] (e.g., short, medium

or long-term) and can represent the development or configuration of energy systems [25].

Methodology: The following methodological approaches are used to build BUEMs: eco-

nomic, optimization, simulation, spreadsheet, back-casting, and multi-criteria [25]. A detailed

description is provided in the next sections.

Economic energy models (EEMs) are oriented to evaluate how adequate and valuable is the

implementation of policies to achieve specific objectives [33]. Likewise, EEMs aim to picture

the economic and technical impacts of applying alternative economic strategies [34]. Com-

mon factors included in EEMs are technological innovation, efficiency improvement, and energy

demand and supply. Additionally, Van Beeck [25] differentiates economic models’ methodolo-

gies as econometric, macroeconomic, and economic equilibrium, however we only consider the

general hierarchy (e.g., economic) in the classification. Examples of economic energy models

include [34]: MIS, MEPA, MARKAL, ETSAP, MESSAGE III, EFOM-END, Conrad, MDM,

Bovemberg-Goulder, Jorgenson-Wilcoxen, HERMES, MIDAS, MARKAL, PRIMES, ESCAPE,

GEM-E3, LEAN, QUEST, WARM, E3 ME, DICE, RICE, PRICE, SLICE, CETA, IEA, IM-

AGE, FUND, PAGE, MERGE, ERIS, IIAM, ICAM, MINICAM, ERM, EPPA, SGM, GREEN,

G-CUBED, Whalley-Wigle, WIAGEM, WORLSCAN, POLES, RAINS-Europe and RAINS-

Asia.
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Table 2.4: Taxonomy of Bottom-up Energy models.

Category Subcategory Model Focus

Sector
Coverage [25]

Single-Sector Just one sector
Multi-Sector Interaction between sectors

Geographical
Coverage [25]

Global World economy/situation
Regional International regions
National All sector within a country
Local Regions within a country
Project Specific energy project

Time Horizon [25]
Short Less than 5 years model
Medium 5 to 15 years model
Long-Term Greater than 16 years model

Methodology [25]

Economic Representation of economic and technical effects of alternative eco-
nomic strategies

Optimization Optimization of choices on energy investment
Simulation Replication of a system operation in a simplified form
Spreadsheet Utilization of a flexible tool to generate customized energy models
Back-casting Creation of views of a desired future and identification of trends to

be broken to achieve the future
Multi-criteria Inclusion of additional criteria to the model beyond economic effi-

ciency
Other Other methodology

End-use Energy
Modeling
Technique [28, 29]

Engineering Calculation of energy consumption based on thermodynamics and
heat transfer of all end-uses

Data-driven statisti-
cal

Correlation of end-use features with its energy use using statistical
techniques

Data-driven AI-
based

Correlation of end-use features with its energy use using artificial
intelligence techniques

Programming
Technique [30]

Linear Programming
(LP)

Discover arrangement of activities to minimize or maximize a defined
criterion

Mixed Integer LP Extension to LP programming which include detailed formulation of
technical properties and relations in modeling of energy systems

Dynamic Discover optimal growth path through division of an original prob-
lem and optimization of sub-problems

Heuristic Manage high dimension optimization problems [31]
Other Other type of programming technique

Data Time
Split [32]

Hourly/Minute Hourly/Minute data resolution
Daily Daily data resolution
Monthly Monthly data resolution
Yearly Yearly data resolution

Metrics and
Tools [25]

Metrics CO2 emissions and cost as outputs in the model
Tools Scenario utilization to show model’s results

Residential
Electricity
end-uses [11]

A, SH, SC, L, WH, C Detailed identification of electricity consumption, energy use and
energy savings by end-use.

Note: Electricity end-uses: AL = Appliances and Lighting, SC = Space Cooling, SH = Space Heating, WH =
Water Heating, A = Appliances, L = Lighting, C = Cooking.
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Optimization models (OMs) are used to obtain optimal investment strategies [25], prospec-

tive of energy systems [25], and optimal energy system operation. According to Ringkjøb et al.

[27] and Van Beeck [25], it is well-known the utilization of linear programming and mixed-integer

linear programming techniques to implement OMs.

Simulation models (SMs) are useful to reproduce the simplified operation of a system [25].

From the energy-economic perspective, these models aim to replicate end-user behavior for

technology choice, considering diverse drivers [33]. Examples of simulation models are WEM,

MURE, and NEMS-RSDM. On the other hand, SMs estimate energy consumption using simu-

lation techniques, thermodynamics principles, urban construction, and climate data [28].

Spreadsheets models are described by [25] as highly flexible models that use to contain a

personalized reference model. An example of this kind of model is the Cost of Renewable

Energy Spreadsheet Tool (i.e., CREST), explained in detail by Gifford and Grace in [35].

Back-casting models are oriented to create views of desirable futures [25], explore how these

futures can be achieved [36], and reveal related policy implications (e.g., social, economic,

political, and technology) [36]. The back-casting methodology is action-oriented since policy-

makers can decide a course of action to achieve a specific target considering specific policy

implications [37].

Multi-criteria models consider the inclusion of additional criteria to the model beyond eco-

nomic efficiency [25]. A study that includes qualitative and quantitative analysis is an example

of these kinds of BUEMs.

End-use Energy Modeling Technique: BUEMs can also be classified based on the energy

modeling techniques used to build them as: enginnering and data-driven energy models [29][28].

Engineering energy models (ENEMs) employ physics (e.g., thermodynamics and heat

transfer) examination of a dwelling’s end-uses to calculate its energy consumption [29]. Accord-

ing to [38], these kinds of BUEMs allows generating a base energy estimation without historical

data and validating energy-saving measures at the end-use level. On the other hand, the identifi-

cation of ENEMs depends on the techniques used to create the model [29]; for instance, Firth et

al. [39] label ENEMs that use the household or building archetype approach as household stock

models or building stock models [38]. Examples of the first are BREHOMES, UK Domestic

Carbon Model, DeCarb, and the Johnston model [39]. Finally, ENEMs can also use appliance

ownership distributions or household sample data approaches for the model creation [29].
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Data-driven Energy models use samples of large sizes of operational energy datasets and

apply statistical or artificial intelligence techniques to create mathematical associations among

energy end-uses and their use [28]. Our merged taxonomy includes the following types of

DDEMs: data-driven statistical and data-driven AI-based. See Table 2.4 to review the focus of

each type of model.

Programming Technique: The following types of programming techniques are used to build

BUEMs: linear, mixed linear, dynamic, heuristic, and other types [25]. Table 2.4 includes the

focus of each technique.

Data Time Split: The resolution of the model’s input data is specified with the following

types of time splits: hourly or minute, weekly, monthly, and yearly. [32]

Metrics and Tools: The following indicators are identified as necessary in the design of

models than aim to support energy efficiency policy design: CO2 emissions, cost [40]. Likewise,

the inclusion of scenarios as tools are also recommended to support policy making [41].

Residential Energy End-uses Finally, BUEMs taxonomy identifies the residential energy

end-uses that can be implemented within models (e.g., appliances, space heating, space cooling

, lighting, water heating, and cooking [11]).

In the following section, we explain how bottom-up energy models are built, in which environ-

ments, and if formal processes are used to build them.

2.4 Methodologies, processes and environments to create BUEMs

The understanding of BUEMs’ creation is relevant to identify the causes behind the lack of

policy support that these models present. In this study, we affirm that a model that fails to

provide the expected policy support; it does not have an acceptable quality.

In [42], Zahran affirms that a product quality is ruled by the quality of the process employed to

build and maintain it. Therefore, in this section we explain the processes, environments, and

methodologies used to build BUEMs; so we can improve them and consequently enhance the

models created.
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Decision Making Centers and Processes

Decision Making Centers (DMCs) are immersive virtual environments that allow the visual-

ization of predictive and scenario-based models, the comprehension of complex problems and

the simplification of decision-making [43]. The visualization of information and its analysis is

performed in seven different screens allowing story telling and collaborative decision making.

DMCs apply best practices of collaborative planning processes using models [44] and allow the

representation of stories with scenarios that aim to show relationships of present, past, and

future events [45]. Figure 2.2 shows an example of a DMC environment.

Figure 2.2: Decision Making Center at Tecnologico de Monterrey

The components of DMCs include [44]: (1) decision entities that contemplate decision-makers

(2) decision support components that refers to decision-support tools like models, systems or

other kind of analytical artifacts [46] (3) organizational systems which include facilitators, coor-

dinators, technicians, and procedures (4) the DMC layout which describes the size and shape of

the environment rooms and display screens, and the positioning of tables and chairs, and finally

(5) the DMC’s technologies that contemplate the hardware and software used to support all

the other DMC components. Our research focus in the models that support decision-making,

specifically in the process to build them and on their implementation of scenarios.

Scenarios

Scenarios allow the evaluation of the feasibility of specific course of actions and the assessment of

long-term results and effects, using cause-effect stories to forecast outcomes [47]. For instance,

the change of end-use energy efficiency in residential buildings based on the application of one

or more energy efficiency policies can be modeled with scenarios.

Scenario construction should consider relevant external factors, levels of uncertainty, the creation

of multiple stories to identify causally related results and intrusive events, and the impact

analysis of that stories on strategic planning and decision making [48]. The evaluation of
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scenarios should consider the totality and truthfulness of the causal relationships present in the

scenario. Finally, scenarios can be evaluated using the following guidelines [48]:

1. Identification of factors, states, conditions

2. Evidence should support assumption evidences.

3. Predictions should be reasonable and based on changing and related relationships (e.g.,

factors, states, and conditions)

4. Evidence should support impacts among factors

5. Reasonable events, action, consequences, probabilities and impacts

6. Inclusion of an influence diagram or causal map

DMC Methodology for decision-making and model creation

The model’s creation process is defined as a phase of the DMC’s methodology [49], which is

detailed on Figure 2.3.

Figure 2.3: Decision-making center Methodology (Adapted from [49])

In the DMC’s methodology, the problem definition phase contemplates the structuring of the

issue to be solved specifying input and output conditions. The second stage or problem analysis

allows the definition of the decision criteria, priorities, and constraints. The modeling phase,

which is our principal interest, formalizes the problem using the collected data and mathematical

models for future implementation (e.g. computational solution). Finally, the model’s results are

used to classify feasible or infeasible alternatives that will be presented, validated and analyzed

in the DMC environment. The last phase represents the agreement on the selection of an

alternative in the decision-making process.

The methodology is considered to have a low level of detail in the specification of tasks in

comparison to other model-creation methodologies like Cross-Industry Standard Process (i.e.,

CRISP-DM) [46].
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CRISP-DM for data-driven energy models

A useful methodology to create BUEMs is CRISP-DM, however this last is focused exclusively

on the creation of data-driven energy models.

Figure 2.4: CRISP-DM Methodology (Adapted from [49] )

The framework is divided in six phases that include generics tasks and proposed outputs. The

complete framework is detailed on Table 2.5.
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Table 2.5: CRISP-DM phases, tasks and outputs

Phase Task Output

Business

Understanding

Determine Business

Objectives

Background

Business Objectives

Business Success Criteria

Assess Situation

Inventory Resources.

Requirements, Assumptions, and Contraints

Risks and Contingencies

Terminology

Costs and Benefits

Determine Data

Mining Goals

Data Mining Goals

Data Mining Success Criteria

Produce Project Plan

Project Plan

Initial Assessment of Tools and Techniques

Data Understanding

Collect Initial Data Initial Data Collection Report

Describe Data Data Description Report

Explore Data Data Exploration Report

Verify Data Quality Data Quality Report

Data Preparation

Select Data Rationale for Inclusion/Exclusion

Clean Data Data Cleaning Report

Construct Data
Derived Attributes

Generated Records

Integrate Data Merged Data

Format Data Reformatted Data

Dataset

Dataset Description

Modeling

Select Modeling Techniques
Modeling Technique

Modeling Assumptions

Generate Test Design Test Design

Build Model

Parameter Settings

Models

Model Descriptions

Assess Model
Model Assessment

Revised Parameter Settings

Evaluation
Evaluate Results

Assessment of Data Mining Results

Approved Models

Review Process Review of Process

Determine Next Steps
List of Possible Actions

Decision

Deployment

Plan Deployment Deployment Plan

Plan Monitoring and Maintenance Monitoring and Maintenance Plan

Produce Final Report
Final Report

Final Presentation

Review Project Experience Documentation
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Business Understanding (BU)

The BU phase contemplates the definition of model’s business objectives, the assessing of the

current environment to build the model, the data mining goals to be accomplished, and finally

the creation of a project plan for model creation [50]. To align objectives, all stakeholders re-

lated to the problem should be included in order to define and agree a complete list of business

objectives, metrics, and success criteria. All these expect to be specific and measurable [51]. The

assessment of the environment involves performing a resource inventory, so it can be identified

the available personnel, computing resources, and software to design the model [50]. The as-

sessment task involves as well, the identification of requirements, terminology, risks, constraints,

and assumptions for the project execution, and the perform of a cost-benefit analysis.

Likewise, the goals of the data mining modeling effort must be defined, so the model’s build

and deploy are aligned to the business needs and operation. Examples of possible goals are: to

deploy and to build of a model that deliver business value, to create of an easy access database

for model data, or to develop a knowledge base of learning models [51]. The previous goals

should be implemented by defining specific objectives and tasks, which later are included in

a plan than can be monitored during project execution [50]. Finally, the result of the tool

evaluation should be considered during the project planning phase.

Data Understanding (DU)

The DU phase comprises the acquisition, description, exploration, and quality verification of

data [50]. In this stage it has to be identified sources of data, which can be quite different (e.g.,

records on databases, spreadsheets, files, and paper [51]). A report of the obtained datasets,

their locations, access methods, and acquisition problems should be documented. Moreover, it

is relevant to describe the obtained data (i.e., format, quantity, field definition and type), thus

the useful variables are used for data analysis [50].

Once the described data is available, it is possible their examination using statistical analyses

to answer the data mining questions or to validate hypotheses [50]. Finally, the quality of data

is validated (e.g., completeness, missing values, outliers, errors) and if quality problems are

present, they are reported and possible solutions are proposed.

Data Preparation (DP)

DP phase is necessary to perform analytical modeling, since data possibly needs some kind of

transformation before it can be used by modeling algorithms [51]. For instance, the selection

of specific attributes or rows, the resolution of data quality issues, the merge of two or more
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data sources, or the creation of new attributes could be necessary for some statistical analyses.

Lastly, some modeling tools require the formatting of data (e.g., removing commas, comma-

delimitation, data sorting, trimming values) to be able to process datasets [50].

Modeling

The Modeling phase encompasses the selection of a one or more modeling techniques, the gen-

eration of test designs, the construction of models, and the model’s evaluation [50]. Modeling

techniques should be selected based on their assumptions (e.g., attributes with specific proba-

bility distribution or allowance or not of missing values) and the characteristics of the available

datasets. Next, test designs are defined to validate the quality and validity of the model. Usu-

ally for this task, datasets are separated to perform the model’s training and testing. Afterward,

the models are built and their parameters are calibrated and documented. Finally, the model is

evaluated considering their applicability to the domain knowledge, the defined success criteria,

and the test design. Qualities of the models (e.g., accurancy) and rank among them are also

summarized. [50].

Evaluation

The evaluation phase is oriented validate the achievement of business objectives. In this step, a

final assessment of models is performed based on business success criteria. The ones that satisfy

the criteria are approved. Moreover, a final evaluation of the process to build the model can be

done. Future strategies regarding the project’s resources and budget can also be proposed [50].

Deployment

The final stage of the framework defines the model’s deployment and maintenance strategies,

and recommends to report and review the results of the project and the processes.

In the following chapter, we provide a complete picture of the current research regarding bottom-

up energy models that aim to support policy design of electricity end-use efficiency. We enclose

the analysis considering only models for the residential sector and residential buildings, given

their present and expected future participation in the global electricity consumption.
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State-of-the-art

The creation of BUEMs that support policy design of electricity end-use efficiency is a study field

that requires to be understood and analyzed; since these kinds of models have exhibited defects

in their support towards energy demand and policy assessment in the residential arena [33].

However, minimal interest in the study of models’ development processes have been identified

from the literature, which also limits the understanding of the problematic.

In this chapter, we present a complete study of BUEMs oriented to support policy design of

electricity end-use efficiency for the residential sector and residential buildings, so we can have

an understandings on how these models are built and which specific design problems needs to

be addressed.

3.1 Bottom-up energy models and modeling of policy design of

electricity end-use efficiency for the residential sector and

residential buildings

This section examines, analyzes, summarizes, and expands the systematic review developed

by the author, named ”The Contribution of Bottom-Up Energy Models to Support Policy

Design of Electricity End-Use Efficiency for Residential Buildings and the Residential Sector:

A Systematic Review” [52]. In this work, we examine bottom-up energy models and their

contribution to policy design of electricity end-use efficiency considering their features, their

support towards specific policy instruments, and the techniques used to build them.

The five year period research from 2015 to 2020, reveals a limited number of publications

oriented to the topic (i.e., 20 studies), out of which 70% are useful for the residential sector and

only 30% are valuable for residential buildings. In the following sections, we present the analysis

performed for both consumption sectors, along with the study’s findings and results [52].

18



Chapter 3. State-of-the-art 19

3.1.1 BUEMs for the Residential Sector

For the residential sector, we consider models that encompasses the electricity demand of house-

holds and their end-uses (e.g., appliances, lighting, space cooling, water heating, and cooking).

In these BUEMs, it is commonly modeled: (1) the replacement and market penetration of ap-

pliances and bulbs, (2) the factors influencing energy consumption and CO2 emissions, (3) the

estimation of energy efficiency improvement programs, and (4) the consumer´s behavior towards

energy efficiency initiatives [52]. The complete categorization of these models is available on

Table 3.3.

Table 3.1: Caracteristics of BUEMs - Residential Sector.

Citation Sector

Coverage

Geographic

Coverage

Time

Horizon

Electricity

End-Uses

Data Cost Scenario

Based

CO2

[53]
Single-sector Local Short

AL Yearly no no no

[54] A, L, SC Hourly yes yes no

[55]

Single-sector Local Medium

SC Yearly no no no

[56] AL Yearly yes no no

[57] SC Yearly no no yes

[58] A, SC Yearly no no yes

[59]

Single-sector Local Long-term

A Yearly yes yes no

[60] L Yearly yes yes no

[61] A, SC Yearly no no yes

[62]

Single-sector Project Short

A, SC Hourly yes yes no

[63] A Hourly no no no

[64] A Hourly no yes no

[65] Multi-sector Local Long-term A, L, SC,

WH

Yearly no yes no

[66] Multi-sector National Long-term C Yearly yes yes yes

Note: Electricity end-uses: AL = Appliances and Lighting, SC = Space Cooling, SH = Space Heating, WH =

Water Heating, A = Appliances, L = Lighting, C = Cooking.

The previous data shows that BUEMs for the residential sector are mainly single-sector oriented

and rarely multi-sector. Single-sector models picture geographical regions within a country in

all types of time horizons. While, multi-sector models illustrate all sectors within a country

or specific regions with exclusively long-term time horizons. This last revealing a correlation

between the geographical coverage and the model’s time horizon in BUEMs design. Lastly,

for the application of electricity end-uses, residential models show mostly the utilization of

appliances, lighting, and space cooling end-uses; and barely the inclusion of water heating,

cooking, and space heating.

Second, in terms of the models’ input data, the analysis reveals that in general yearly data is

used to create the models. Except in BUEMs with short time horizons that show a consistently
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use of hourly data. This last can be related not only to the scope of the model to be created,

but also to the availability of input’s data.

With respect to the metrics and tools provided by BUEMs, research shows that these models

do not consistently provide data about cost and CO2 emissions or present data with scenarios;

which can affect negatively on the decision-making and the policy design processes.

In the next subsection, we explain the techniques used to build BUEMs for the residential sector.

Analytical techniques and methods The construction of residential BUEMs relies on

data-driven statistical (71%) and hybrid data-driven (AI-based + statistical) (29%) model-

ing techniques (See Table 3.2). In the first case, statistical techniques in combination with

other methodologies and programming methods are applied to analyze energy end-uses. The

economic methodology is applied in the highest proportion of models, and implemented us-

ing: discrete choice models, diffusion models, end-use models, and statistical approaches like:

linear regression and probability distributions. Differently, models built with the optimization

methodology include mostly linear programming techniques and statistical approaches (e.g.,

probability distributions, and least square methods). Lastly, non-classified methodologies are

employed in the lowest proportion for BUEMs’s construction and with a limited application of

design techniques.

On the other hand, hybrid data-driven models are designed using non-categorized methodolo-

gies and heuristics programming techniques. For the first case, statistical approaches (e.g.,

regression, mediation model), analyses techniques (e.g., time series and clustering), and artifi-

cial intelligence (e.g., principal component analysis) are utilized for the model’s design. In the

heuristic case, a combination of analyses (e.g., bi-variate correlation, grey relational), algorithms

(e.g., butterfly optimization, chicken swarm optimization), and artificial intelligence techniques

(e.g., support vector machine) are implemented. Although, we can observe a great set of tech-

niques applied for hybrid models, not all of them were used during the five year research period.

In fact, data-driven AI BUEMs appears in the map in the third year of the investigation, which

reveals the limited utilization of AI techniques for the creation of BUEMs.

In the next subsection, we explain the policy instruments supported by BUEMs for the residen-

tial sector.
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Table 3.2: Techniques and Methodologies used in bottom-up energy models that support
energy efficiency policy design—Residential Sector.

Modeling

Technique

Methodology Programming

Technique

Techniques Used Citations

Data-driven

statistical

Economic

Other

Discrete choice models, Time-series analysis [53]

Discrete choice models [55]

Econometric diffusion modeling, Market share

functions

[59]

End-use model, linear regression, scenario analy-

ses

[65]

Material flow analysis, weibull distribution,

techno-economic analysis

[60]

Optimization

Other Probability density functions, least square

method, pearson distribution

[54]

Linear

Programming

Linear optimization [66]

Mixed LP Set of sequential uninterruptible energy phases,

MILP

[62]

Other
Other

Panel data regression [57]

Sliding window linear regression, kernel density

estimation

[64]

Data-driven

statistical and

data-driven

AI-based

(Hybrid)

Other
Other Cluster analysis, regression analysis, two level

time series, mediation model, regression analysis,

principal component analysis

[56, 63]

Heuristic Bivariate correlation analysis, Butterfly optimiza-

tion algorithm, Least square support vector ma-

chine, Grey relational analysis, Chicken swarm

optimization, Support Vector Machine

[58, 61]

Policy instruments BUEMs for the residential sector support the following types of policy

instruments: information and feedback (39.13%), financial (30.43%), market-based (21.74%),

and in less proportion regulatory (8.70%). See Figure 3.1.

Moreover, the graph shows the most used instruments per category which include: information

(21.74%), subsidies (21.74%), and energy taxes (21.74%); followed by feedback (17.39%), codes

and standards (8.70%), and access to capital measures (8.70%).

We can understand this distribution by considering the current capability of utility companies

to register, monitor,and report users’ energy consumption. With key consumption information,

final users can compare their current and their historic energy use and can make decisions

oriented to decrease electricity consumption by different means. Besides, the utilization of

subsidies for technology replacement is still being a dominant policy instrument, however given

the related implementation costs; it reveals to be less popular than the first one. Lastly, the
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Figure 3.1: Policy instruments supported by BUEMS for the Residential Sector

adjust of energy prices is also used in this kind of models, since it can stimulate in a fast way

the diminishing of energy consumption.

On the other hand, Table 3.3 reveals that BUEMs for the residential sector support general

policy goals and specific policy instruments, however they are limited used for policy calibration.

In fact, only 28% of the models can be used to design policies at the three levels of policy

abstraction described on the previous chapter. This last means that in the majority of cases,

these models can only support the design of general policy goals or specific policy instruments.

Besides, in terms of the capability of these models to compare different instruments. Research

reveals that only 35% of them can be used to compare two instruments while only 14% can be

used to compare three of them.

Finally, the results show that there is not standardization in the use of scenarios or in the

utilization of key metrics like CO2 and cost. Likewise, none of the models present a mechanism

for scenario configuration based on important variables for decision-makers.
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Table 3.3: BUEMs’ policy abstraction levels, type of instruments supported, scenario support,
and metrics - Residential Sector.

Policy abstraction Level Policy instruments Scenario and Metrics
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[53] Jridi et al. yes yes no yes no yes yes no no no no no

[55] Hara et al. yes yes no no yes no no no no no no no

[54] Aghamohamadi and Amjady yes yes yes yes no yes no no yes no no yes

[56] Lundgren and Schultzberg yes yes no yes yes no no no no no no yes

[57] Meangbua et al. yes yes no no yes no no no no no yes no

[58] Wen and Cao yes yes no no yes yes no no no no yes no

[62] Mohseni et al. yes yes yes no yes no no no yes no no yes

[63] Jafary and Shephard yes yes no no yes no no no no no no no

[64] Liang et al. yes yes no no no yes no no yes no no no

[65] Kleebrang et al. yes yes no no yes no yes no yes no no no

[66] Pradhan et al. yes yes yes no no yes no no yes no yes yes

[61] Wen and Cao yes yes no yes yes yes no no no no yes no

[59] Radpour et al. yes yes no yes no no no no yes no no yes

[60] Heidari et al. yes yes yes yes no yes no no yes no no yes

3.1.2 Residential Buildings

Fo residential buildings, we consider models that involve the electricity demand in residential

buildings and their end-uses (e.g.,appliances, lighting, space cooling, and space heating). In

contrast to the residential sector, BUEMs for residential buildings focus on: (1) the evaluation

of: regulatory initiatives, (2) retrofit options (e.g., envelop elements, appliances, air conditioning,

cool roofs, and changes on occupancy behavior) and programs, (3) the energy performance of

building stocks, and (4) energy building standards. Likewise, there are scarce studies that

analyzes BUEMs for residential buildings.

Common features of BUEMs for residential buildings are:

1. Dependency on surveys and statistics, simulated data, and information from literature

2. Single sector coverage

3. Local and project geographical coverage

4. Short and long-term time horizons
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5. Yearly data time-split (in their majority)

6. Presence of space heating end-use

7. Absence of CO2 metrics

8. Non-regular presence of scenarios and cost metrics

See Table 3.4 for the complete categorization of BUEMs for Residential Buildings.

Table 3.4: Characteristics of bottom-up energy models—Residential Buildings.

Citation Sector

Coverage

Geographic

Coverage

Time

Horizon

Electricity

End-Uses

Data Cost Scenario

Based

CO2

[67]

Single-sector Local Short

SH Yearly no yes no

[68] SH, SC Daily no no no

[69] SH, SC Monthly no no no

[70]
Single-sector Local Long-term

A, L, SC Yearly yes yes no

[71] A, L, SC Yearly yes no no

[72] Single-sector Project Short SH, SC Hourly yes yes yes

Note: Electricity end-uses: AL = Appliances and Lighting, SC = Space Cooling, SH = Space Heating, WH =

Water Heating, A = Appliances, L = Lighting, C = Cooking.

As can be regarded, BUEMs for residential buildings are single-sector models that represent

space heating and space cooling end-uses. They have local or project coverage and short and

long-term time horizons. Models with short time horizon are related to space heating and space

cooling end-uses.

Finally, the authors document the exclusion of relevant metrics (i.e., CO2 emissions and costs),

the inconsistency to utilize scenarios, the limited range of geographical coverage, and the absence

of multi-sector models.

Analytical techniques and methods The construction of BUEMs for residential buildings

rely on engineering (50%), hybrid (i.e., engineering + data-driven statistical 25%), and data-

driven statistical (25%) modeling techniques. See Table 3.5.
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Table 3.5: Techniques and Methodologies used in bottom-up energy models that support
energy efficiency policy design—Residential Buildings.

Modeling Tech-

nique

Methodology Programming

Technique

Techniques used Citations

Data-driven statistical Other Other Propensity score matching method [69]

Engineering

Simulation Other Transient thermodynamics equations,

mathematical equations

[67, 71]

Optimization Mixed LP Dynamic Building Model, MILP [72]

Engineering -

Data-driven statisti-

cal

(Hybrid)

Simulation Other Occupant uncertainty modeling,

Bayesian inference, INLA (Integrated

Nested Laplace Approximation)

[68, 70]

Engineering models are correlated to simulation and optimization methodologies. The first

reveals the utilization of mathematical and thermodynamic equations for model construction,

while the second relies on dynamic building modeling and mixed linear programming techniques.

On the other hand, hybrids models (i.e., engineering + data-driven statistical) present a com-

bination of techniques. For instance, dynamic energy simulations are combined with integrated

nested Laplace approximation (based on bayesian inference) to predict the energy performance

of residential buildings [68]. Likewise, urban building energy modeling (building archetypes) and

bayesian calibration stochastic approach are used to evaluate the relevance of occupant uncer-

tainty modeling when predicting energy efficiency savings [70]. Finally, data-driven statistical

models are scarce for residential buildings. A unique study that aim to validate the effectiveness

of energy efficiency standards is proposed using the propensity score matching method [69].

Policy instruments BUEMs for residential buildings support mainly regulatory instruments

(in 55.56% of the studies) and in less proportion market-based (22.22%), financial (11.11%), and

information and feedback (11.11%). In particular, codes and standards, energy taxes, subsidies,

and information instruments can be analyzed with these kinds of models. See Figure 3.2.

The results reveal a premature advance in the creation of models that support the policy design

in residential buildings. First, the small number of studies that aim to support policy design

in residential buildings confirm the finding. Second, the use of regulatory instruments shows

the need to improve the technological inventory of residential buildings including the building

construction technology and its maintenance. Since cities continue to expand, it seems impor-

tant that BUEMs for residential buildings support these kinds of policies, however the other

important instruments has been limited studied.

On the other hand, Table 3.6 shows that these models are useful to create general policies and

specific policy instruments, however the policy calibration is not a focus on them. Likewise, the
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Figure 3.2: Proportion of policy instruments supported by BUEMs for residential buildings

capability to perform instrument comparison is possible in only two of them, which is a great

opportunity area for these models in the decision-making and policy design arena.

Finally, the standardization in the use of scenarios or specific metrics is also a necessity in these

kinds of BUEMs.

Table 3.6: BUEMs’ policy abstraction levels, type of instruments supported, scenario support,
and metrics - Residential Buildings.

Policy abstraction Level Policy instruments Scenario and Metrics
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[67] Marshall et al. yes yes no no no no yes no yes no no no

[68] Braulio-Gonzalo et al. yes yes no no no no yes no no no no no

[72] Schutz et al. yes yes no no no no yes no yes no yes yes

[70] Cerezo Davila et al. yes yes yes yes no no no no yes no no yes

[69] Wang et al. yes yes no no yes no yes no no no no no

[71] Krarti et al. yes yes yes yes no yes yes no no no yes yes
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3.1.3 Processes to create Data-driven BUEMs in a Decision Making Center

The modeling of data-driven BUEMs has been studied in the literature. For instance, Ab-

basabadi et al. [73] propose a data-driven framework for the modeling of urban energy use that

localizes energy performance data considering a socio-spatial context and a bottom-up data-

driven approach. The energy use data is modeled using Machine Learning techniques and the

models created using this framework seems to explain with an acceptable level of certainty the

variance of energy use in buildings and its transportation. The framework defines five phases

to develop the models: (1) Data preparation (2) Patterns extraction (3) Prediction, (4) Anal-

ysis, and (5) Visualization. The first phase includes the location, cleaning, and processing of

data.The second phase focuses on detecting and combining data to detect contextualized urban

patterns. The third phase focus on calculating the performance of urban buildings by training,

validating, comparing and performing predictions about the models. The fourth phase contem-

plates the analysis of how key attributes impact energy use. And finally, the fifth phase focuses

on the creation of 2D and 3D visualizations of the models. Although the framework seems to

be useful as a baseline for the creation of urban and building modeling, the methodology is not

centered on decision making or policy-making processes. In this regard, no involvement of the

stakeholders is reported in the first phases of the model’s design. Likewise, there is no orienta-

tion in terms of how to create specific scenarios for stakeholders that facilitates decision-making

and policy design.

On the other hand, a methodology for creating bottom-up modelling using simulation techniques

is documented in [74]. In this work, the authors present holistic processes on how to create long-

term scenarios for decarbonization for the industry sector using the FORECAST model. The

scenario generation considers specific sectors (e.g., industry, services, and households), end-uses,

technologies, different types of input and output data. For instance, the model can include

as input: energy drivers (e.g., population, energy prices, temperature), instrument policies

(e.g., taxes, CO2-prices, standards, grants) , technology and behavior ( e.g., efficiency, savings,

expenses, learning, emissions, lifetime), and structure (e.g., technology distribution). Likewise,

the possible results are organized in the following categories: energy demand, GHG emissions,

costs, and indicators or metrics. Although this framework provides a baseline for model creation

and configuration, it is only based on simulation techniques, which limits its capability to be

applicable for data-driven or other kinds of techniques. Likewise, the processes are oriented to

the industry sector, which restrain their applicability to the building sector specifically.
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3.1.4 Research Opportunities

After reviewing the literature, we found the following research opportunities:

1. The standardization of the process and techniques used to build BUEMS should be ana-

lyzed

2. There are not documented processes for the creation of BUEMs that guarantee the support

to policy design for the residential sector and residential buildings

3. The study of BUEMs metrics for the residential sector and residential buildings should

be analyzed. Not only its inclusion within models but also the form in which they are

included, and where they can be presented to decision-makers.

4. The utilization of data-driven techniques for BUEMs creation should be revised in future

research.

5. The study of the level of policy support that BUEMs provide to decision-makers should be

studied by scholars, since the concept of policy calibration is not mentioned in the model

design field.

6. The design and configuration of scenarios in BUEMs is a subject that should be revised

in the literature, as a mechanism to support policy design and decision-making.

In this study, we address the standardization of processes to create BUEMs through the def-

inition of a framework. This last considers generic steps and also energy policy and energy

efficiency best practices that were discovered in this chapter. Specifically, we aim to avoid the

following problems visible in current BUEMs: 1) the lack of application of policy design at dif-

ferent levels of abstraction (e.g., high, medium, low levels) 2) The absence of a detailed method

to document processes, inputs, and outputs (e.g., ), and 3) the lack of inclusion of scenarios in

a consistent way on the energy models. In the next section, we document the framework and

the best practices included in them.



Chapter 4

A framework to support the creation

of bottom-up energy models that

support electricity end-use efficiency

The literature analysis described in Chapter 3 has revealed that there are no standard processes

for the creation of BUEMs that aim to support policy design of electricity end-use efficiency.

This last has derived in the creation of models that do not include key information for decision

making and that are not useful for policy design.

In this chapter, we present a framework that eases the creation process of these kinds of bottom-

up energy models; specifically models for the residential sector and residential buildings. The

framework aim to promote: 1) the use of standard processes for model design 2) the inclusion of

key information useful for decision-making, and 3) the use of tools that facilitate policy design

and decision-making, like the creation and configuration of scenarios. The following proposal

aim to be useful for policy-designers or model-designers that want to apply proven solutions to

improve the design of bottom-up energy models.

The framework includes standard phases and processes with detailed activities and artifacts

(e.g., formats with best practices and technical sheets). Likewise, it is divided in six phases.

The first two are Business Understanding and Data Definition and Understanding, which are

devoted to the comprehension of the problem, the data, and the policy goals. The next two are

Policy Alignment and Scenario Definition and Design, which are focused on the policy alignment

of models and scenarios. The last two are Model Construction and Model Evaluation, which

are oriented to the selection of modeling techniques, the creation and testing of the model, and

to the review and assessment of the model and the creation process. See Figures 4.1 and 4.2.

29
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Figure 4.1: Proposed Framework

Figure 4.2: Processes included in the framework

These processes aim to guarantee the alignment of bottom-up energy models to specific policy

objectives and to the stakeholder’s requirements. Our processes were inspired by the CRISP-

DM and Decision Making Center processes explained in Chapter 2 of this dissertation, and

on the findings of the state of art, which reveals a lot of opportunity areas in the creation of

bottom-up energy models.

The following sections provide a detailed explanation of the phases, processes and activities

included in the framework.
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4.1 Business Understanding

These processes aim to collect and understand the main problem(s) to be solved by the model,

the stakeholder´s requirements, and the policy goals to be supported by the model. The phase

includes the following processes: Problem Understanding, Goal Definition, Business Require-

ments and Constraints, Strategies to achieve objectives, and the Plan to achieve objectives.

This is the first effort to align the policy goals to the model’s design.

P.1.1. Problem Understanding The understanding of the problem includes the description

of the problematic and its background. The inputs of the process include: literature about the

problem (books, articles, or reports) and the expected output is the information contained in

the ”Problem Understanding - Template” that is visible on Figure 4.3.

The detailed description of the problem includes an explanation of the current situation and

the roles involved. The background can contain the historic summary of it (what, when, how,

and who); the definition of important concepts related to it, their consequences and possible

causes, the internal and external factors that could affect it, and finally a summary of previous

actions taken in the past to solve the problem and how they have worked out or failed.

P.1.2. Goal Definition The second part involves the definition of the business and policy

goals considering the previous information. Business goals should represent the desired results

expected by an organization, a department or a specific stakeholder. These goals can be finan-

cial, organizational, time-related, or related to the model’s design. On the other hand, policy

goals should indicate the expected results of the application of specific policy instruments. Pol-

icy goals can be financial or energy-related. In this step is important to identify the metrics to

evaluate the accomplishment of each goal. For instance, decision-makers can be interested on

metrics related to the performance of the instrument’s application (e.g., energy consumption

savings, energy intensity), or in financial metrics to evaluate how much is costing the policy

implementation. The proposed template to document this information is available on Figure

4.4.

P.1.3 Business Requirements and Constraints This section involves the documentation

of business requirements and constraints, which are important. In this phase it is performed

the business requirements elicitation related to the model and the identification of possible

constraints for its creation. This last allows not only define the initial scope but also the factors

that could affect its construction. The requirements are prioritized and selected based on their

relevance and their alignment with the business and policy objectives (defined previously).
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Figure 4.3: Problem Understanding - Template

On the other hand, it is important to identify the model’s restrictions given that these can

impact the model’s construction process. Examples of constraints can be limited budget or

bounded resources. The template to fill the information of this step can be regarded on Figure

4.5.

P.1.4. Strategies to achieve objectives A strategy contemplates activities, methods, and

resources to accomplish an objective. The framework recommend to identify the three of them

for each of the goals. The strategies to achieve objectives can be divided in two kinds: 1) business

and 2) policy strategies. Business strategies can be varied. For instance, if an organization has

limited resources to implement a set of goals; a possible strategy could be to control and evaluate

constantly the resource utilization. On the other hand, the policy strategies are bounded by
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Figure 4.4: Goal Definition - Template

the list of policy instruments presented in Chapter 2 of this study. For instance, if the policy

goal aims to decrease energy consumption in the next 5 years in residential buildings at end-use

level; then it is possible to apply one or a combination of the policy instruments (e.g., financial,

regulatory, market-based, or non-regulatory) explained in the background chapter of this study.

The template to document the strategies can be regarded in Figure 4.6.

P.1.5. Plan to achieve objectives To finish the phase, a plan to design policies is created

using the activities, resources, and the methods identified in the previous process. In this

moment, it can be also identified issues with resources and the impacts of constraints. Use the

template of Figure 4.7 to document this process.

The following two phases (e.g., policy alignment and data definition and understanding) depend

on each other, and usually, stakeholders execute them in parallel.
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Figure 4.5: Business Requirements and Constraints - Template
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Figure 4.6: Strategies to achieve objectives - Template
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Figure 4.7: Plan to achieve objectives - Template
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4.2 Policy alignment

The policy alignment phase aims to define in detail, how the policy design is going to be

performed with the support of a bottom-up energy model. First, the policy level(s), aims, and

means should to be defined to understand the level of granularity that expects to be managed

by the model. Later (and depending on the model’s granularity), it is important to detail

energy policy instruments that are going to be implemented (how, when, by who) and finally

the objectives that need to be achieved by the model. We explain in the following sections how

to perform these processes.

P.2.1 Policy level, aims, and means In this step, the policy level is identified based on the

stakeholder´s requirements and the data available policy design. For instance, if the stakeholders

require to design low level policies but only high level information 1 is available, the possibility

to perform the model is low. On the contrary, if high level policies are required but only low level

information is available, the feasibility should be assessed. In the case of the design of electricity

end-use efficiency policies for the residential sector and residential buildings; information at the

level of end-uses and if it´s possible detailed timestamps (e.g., monthly, weekly or daily) can be

present. In this process, the possible level(s) of abstraction must be defined (e.g., high, medium

and low) with a justification or rational of the level selection. Also, the policy´s aims and means

and the guidelines for instrument selection should be described in terms of the dimensions of

policy selection, which include: degree of coercion, resource intensiveness, political risk and

target audience. Figure 4.8 shows the template to document this section.

P.2.2. Instruments to implement In this process, the instruments to achieve the policy

goals are identified and pre-selected. The successful criteria is defined for each of them (e.g.,

expected inputs and outputs (including metrics), implementation mechanisms(s), required re-

sources, calibrations, and calculations). In this regard, inputs, outputs, and calculations are

considered with different values (e.g., calibrations), so the decision makers can evaluate the

instruments’ implementation from diverse points of views. The format to document this step is

available on Figure 4.9.

This step defines part of the model´s scope since these policy instruments are expected to be

evaluated in the bottom-up energy model.

P.2.3. Model’s requirements definition and goal alignment Finally, to close the phase,

it is necessary to define the requirements that the model should meet and their alignment

1The Data Definition and understanding phase describes the possible levels of information that can be man-
aged.



Chapter 4. A framework to support the creation of BUEMs that support electricity end-use
efficiency 38

Figure 4.8: Policy level, aims, and means - Template

to the goals and requirements previously defined in the Business Understanding phase. In

contrast to the stakeholder´s requirements, the model´s requirements should be defined using

the characteristics of BUEMs explained on the Background Chapter. For instance, the model´s

sector and geographical coverage, the data time split, time horizon, end-uses, and metrics should

be defined based on the available data (documented in the Data Definition and Understanding

phase) and the stakeholder´s needs. Likewise, each model should define their expected input

and output variables. 4.10. Lastly, the methodology, and different techniques used to build the

model are defined in the Design phase given their dependency with an available portfolio of

techniques and the type of analyses requested by stakeholders.
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Figure 4.9: Instruments to implement - Template
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Figure 4.10: Model´s requirements Definition and goal alignment - Template
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4.3 Data Definition and Understanding

This phase aim to localize, analyze, understand, and document data sources and the data

obtained from them. These processes are executed in parallel with the policy alignment phase’s

processes, since they are dependent of each other. For instance, the data search process is

dependent on the specification of the stakeholders information’s needs. Likewise, the model´s

policy level, can be impacted by the availability of certain data, as has been mentioned in the

policy alignment phase. Therefore, a close coordination in the execution of these processes is

crucial to avoid delays and long dependency time. The processes included in this phase are: 1)

Data definition guidelines 2) Data acquisition and 3) Data processing which includes the data

quality, processing, and analyses.

P.3.1. Data definition guidelines The guideline definition process intends to standardize

the information that should be documented about data sources. This last includes information

about the data sources themselves, and also about the data available within. Figure 4.11 shows

the proposed template to document the required data.

The documentation of the data sources include the following information: name and description

of data sources, owner, location. Likewise the updating policy, type of data source, number of

records, data time split, initial record date, and final record date should be specified. The

updating policy refers to the periodicity in which the information should be updated, how

much information should be updated, and which information should be updated. The type of

data source can be: structured, semi-structured or non-structured data. The data time split

can include the following resolutions: hourly/minute, daily, monthly, and yearly; as has been

explained on theoretical framework. The record date identifies the time frame of the obtained

information. Data time split are not specified in the CRISP-DM processes.

On the other hand, the metadata of each data source should be documented using the template

shown in Figure 4.11. The recommended information to document is the following: Type of

data artifact (e.g., file, table, JSON, etc.), Name of the artifact, and description. Likewise,

the field information of each artifact must include: the field name, the field type (e.g, text,

number, etc.), value range, and required data. Finally, if a related metric is identified it must

be documented per field.

P.3.2. Data acquisition The procurement of data is a crucial process for the design of any

model and to perform energy analyses. However, for energy models the kind of information

that should be gathered is varied and depends on the model that wants to be constructed.

Although other frameworks like CRISP-DM focus in a general way on how to obtain data and

knowledge[50], they can’t provide guidance on the gathering of specific kind of information and
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Figure 4.11: Data Definition guidelines - Template

the means to obtain it. In our framework we recommend the utilization of matures taxonomies

and acquisition approaches, like the one created by C. Wang et al. and that can be visualized

on Table 4.1. The format to document the obtained data is available on Figure 4.11.
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Table 4.1: Data acquiring approaches and possible data sources for energy modeling

Type of data Type of- approach Sub-
approach

Possible data Sources

Non-Geometric data
(e.g., occupancy and
appliance patterns,

and
HVAC-Heating, ventilation,

and air conditioning)

Archetypes
Deterministic Templates of simulation tools, standard

codes and guides, and open project data

Probabilistic Standard codes and guides, and open
project data

Non-Archetypes
Occupancy
patterns

Stochastic models, big data extraction,
spatial-temporal approaches, urban factors
methods

Appliance pat-
terns

Stochastic models,combined occupancy
and environment approaches, machine
learning

HVAC Systems Machine learning

Geometric data
(e.g., building footprints
and buildings heights,

Windows -to-wall ratios,
number of stories, and

terrain data)

Direct 3D modeling Existing databases, LiDAR, Oblique pho-
togrammetry

Specific Approaches
Buildings foot-
prints

Existing databases, OpenStreetMap, Im-
age Recognition

Building
heights

Existing databases, Open-
StreetMap,nDSM, Shadow management

WWRs Standard and Codes, Experts´opinions,
image recognition

Number of sto-
ries

Existing databases, estimation

Terrain DTM, CityGML

Weather data
(e.g., outdoor temperature,

solar radiation,
humidity, wind velocity

and direction)

Typical Meteorological Year (TMY), real
weather data, and future weather data.

The following steps describe the proposed process to acquire data for energy models.

First, a search of the possible data sources is performed using the approaches just described.

Second, a justification of the selection of each data source should be explained. Third, the

interfaces to specific data sources or artifacts should be specified. Later the processes to add,

remove, and change of a data source should be defined and documented. This is a crucial step

to guarantee data availability in the expected times. Finally, the impact of changes in any data

sources should assessed and documented, so the possible implications of changes are identified

and considered during the operation of the model.

P.3.3. Data processing The data processing phase aim to support the different treatments

that can be performed to the data obtained in the previous phase. The processes that includes

this phase are: 1) Data exploration, 2) Data Quality 3) Data selection, 4) Data Cleaning, 5)

Data construction, 6) Data integration and 6) Data Formatting. These phases are already

present in the CRISP-DM framework and are detailed explained on the CRISP-DM Guide.
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4.4 Scenario Definition and Design

The Scenario design is a step that aim to continue aligning the support that the model should

provide to decision-makers. In this step the following activities are executed: 1) Scenario

definition and 2) scenario design.

P.4.1. Scenario definition The scenario definition process is new in any energy models’

creation framework. It was included to facilitate policy design and decision-making of stake-

holders and to guarantee the alignment of models to policy goals. In the background chapter,

we have explained the advantages of these tools and some recommendations to implement them,

however none of the methodologies studied have given the proper importance to this step or has

proposed it as a method to support decision-making. We propose a process to define scenarios

inspired on the research of model-based energy scenarios performed by Cao et al. [75] and on

formal approaches to develop scenarios for environmental decision-making [76]. The proposed

activities to perform this process are the following: 1) Specify the name of the scenario 2) De-

fine the characteristics of the scenario (e.g., time horizon, geographical and sector coverage).

These should be aligned with the model´s requirements defined in the second phase of this

framework 3) Determine the way scenarios are going to provide policy recommendations. In

this step is important to describe which instruments are going to be included in the scenario

(e.g., none, one or more) and the justification of this decision 4) Identify key variables (e.g.,

endogenous and exogenous) and driving forces of the scenario (e.g., climate variations, practices,

regulations, policies or socio-economic patterns) 5) Describe scenario´s narrative and outputs 6)

Document the assumptions of input and output data, calculations, and processes and how they

can affect the results provided by the scenario and finally 7) Identify uncertainties (e.g., possible

future changes). In this activity, is important to describe possible uncertainties on variables or

processes, so they can be considered in future iterations of scenarios’ construction.

P.4.2. Scenario design In the scenario design phase: 1) the causal relationships of variables

and external conditions are identified using tools like: cause-effect diagrams or statistical tech-

niques, so they can be modeled in subsequent phases 2) Identifying critical uncertainties is also

key for scenario design since it is possible that designers are not able to predict the true value of

certain variables. According to [76], some causes of uncertainty can be: lack of knowledge, data

errors, mistakes with model structures and parameters, incorrect assumptions, among others.

3) The documentation and acquisition of scenario´s datasets is key to perform any design or

construction of models. This activity should be aligned with the data acquisitions processes

described on the previous phases of this framework 4) Finally, it should be validated the data

resolutions and scales since they can impact the model´s results. This activity should be aligned

with the data quality sub-activity mentioned on the Data understanding phase.
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Figure 4.12: Scenario Definition - Template
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Figure 4.13: Scenario Design - Template
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4.5 Model Construction

The model construction phase aims to build a model that is complete, usable, and aligned to

the model´s objectives using a set of design techniques.

P.5.1. Create/update portfolio of design techniques As was evidenced in the back-

ground of this research, the techniques and methodologies used to model a system are diverse

and depend on the kind of model that want to be constructed. In this research we provide

a taxonomy of modeling techniques and methods 2.4 for the residential sector and residential

buildings, however it can be expanded and improved to be a future reference for organizations.

The following Template 4.15 can be used for documenting a portfolio of design techniques.

Figure 4.14: Portfolio of design techniques - Template
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P.5.2. Modeling techniques selection One of the disadvantages of frameworks like CRISP-

DM is their strictly focus on the selection of data-driven modeling techniques; however as

we have shown in Chapter 3, diverse kinds of methods are used to model BUEMs, including

engineering and hybrid techniques (e.g., data-driven + engineering). In the state of the art

presented on Chapter 3, we identify the kind of techniques used for the design of Bottom-up

energy models than aim to support policy design of end-use energy efficiency. Tables 3.2 and

3.5 aim to be reference points that helps stakeholders decide which techniques to use. However,

the reader should contemplate specific constraints before taking a final decision like: business

or organizational policies, budgets or future maintenance costs.

P.5.3. Model’s build and testing The construction of the model should be aligned to the

model´s goals and the defined scenarios. Likewise, the required data should be available. The

following activities are proposed to build the model: 1) Define a prototype to construct (inputs,

outputs parameters, default settings, and calculations) 2) Create a test design for the prototype

(include different calibrations) 3) Create the model´s prototype 4) Test each scenario adjusting

inputs and calibrations 2 5) Iterate phase until the final model is completed. For this process,

we plan to construct the model in short stages, so designers can encounter in initial stages any

problem with its design or execution.

2CRISP-DM recommend that models should be evaluated considering its accuracy and generality, however
according to [76] scenarios can be evaluated using sensibility analyses
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Figure 4.15: Model’s build and testing - Template
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4.6 Evaluation and Review

This phase aims to validate that the model and scenarios meet the stakeholder´s business

objectives and requirements.

P.6.1. Model’s results assessment In this activity the model´s results are presented to

the stakeholders and they evaluate them, based on their expertise.

Figure 4.16: Evaluation and Review - Template
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P.6.2. Review process After performing the evaluation decision-makers and designers can

review the processes to create the model, find opportunity areas, and best practices,

P.6.3. Determine next steps In this final step, a list of possible activities to overcome the

problems are presented (in order of importance) and decision makers define which actions will

be taken to overcome them.

In the next section, we present a case study to validate the usefulness of presented framework

and how can it be applied to real life projects.



Chapter 5

Case Study: A Model to support

electricity end-use policies for

stand-by appliances in a

Decision-Making Center

The following case study aims to show how the framework described in the previous chapter

can guide the design of BUEMs that intent to support policy design and how its utilization can

avoid the problems described in the state of the art of this research, or existing problems in

models developed in a Decision Making Center.

The model to be constructed was defined based on the analysis needs of Tecnologico de Mon-

terrey´s Decision Making Center. The center has collaborated with the Mexican government in

diverse energy modeling projects in the past1, therefore some of these models can be improved

and expanded. The model aims to predict the effects of the implementation of energy efficiency

policies in the residential sector and residential buildings.

In the following sections, we explain how the new model was defined, designed, and built using

the proposed framework. We include the detailed outputs of the process and how the activities

were executed to obtain the expected result. Finally, the creation process has been measured

and recorded activity by activity, so it can be compared with the development of other similar

models and validate its utility.

1The Mexican Electric Sector Model [45] was integrated with the consumption sector model, the petrochemical
model, the exploration model, the supply sector model, the environmental and economic impacts model, and the
refining model.

52



Chapter 5. Case Study: A Model to support electricity end-use policies for stand-by appliances
in a Decision-Making Center 53

5.1 Business Understanding Phase

The model selected for this case study shows the effects of regulatory instruments in the resi-

dential sector and residential buildings. Specifically, the application of energy efficiency norms

in stand-by devices. We choose the stand-by end-use because it has been identified as an im-

portant end-use in the Mexican residential sector in the last years. The Mexican Commission

of Efficient Use of Energy (CONUEE) reports that this end-use represent 5.6% of electricity

consumption in the residential sector and in fact, it has become an independent end-use by

itself. Figure 5.1 shows the description of the problem, the roles involved, and the background

research about the problem.

Figure 5.1: Case Study-Problem Understanding

The main literature source for the background research has been technical reports [77] [45] of past

projects and reports published by the government [78]. In this information, we have been able to

identify the possible causes, consequences, internal and external factors of the problematic; with

a high level of abstraction and without worrying about implementation details at this level. We

also learned in this step, that in 2013 a normative to stand-by energy devices has been issued

by the government [78]; and that it was possible to predict the energy savings of that program.
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On the other hand, regarding the business goals, Tecnologico de Monterrey´s Decision Making

Center, is mainly concerned with the tools to be used for the model´s development; since

they rely on their DMC Environment and they want to make sure that these tools are 100%

compatible with their DMC´s technologies. See Figure 5.2. Additionally, CONUEE is interested

on diminishing the energy consumption in households through the introduction of more efficient

stand-by devices to the Mexican market [78], which has been a common policy that have given

results in the previous years.

Figure 5.2: Case Study- Goal Definition

In the same way, the inclusion of specific scenarios in the model was defined as a key requirement

with a high priority. However, there were identified also some constraints for the policy design,

for instance: 1) budget constraints and 2) lack of availability of information that could jeopardize

the model´s construction; as can be regarded in Figure 5.3.

Finally, to achieve the defined objectives, stakeholders have proposed the following strategies:

1) the search and evaluation of tools to build scenarios through the utilization of prototypes

(with limited scope), and 2) to incentive the creation of efficient stand-by devices through the

application of codes and standards. See Figure 5.4.

The plan proposed by the DMC include not only the activities to build the model but also the

required actions to implement, monitor, and evaluate the selected policy. See Figure 5.5.
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Figure 5.3: Case Study- Business Requirements

Figure 5.4: Case Study - Strategies to Achieve Objectives
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Figure 5.5: Case Study - Plan to Achieve Objectives
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5.2 Policy Alignment Phase

The previous phase give us an general understanding of the problem to be solved and which

strategies can be applied. In fact, we learned in the previous phase that: 1) policy instruments

should be applied at a national level given the specified scope (e.g., residential sector and

residential buildings) and 2) instruments should be applicable to specific end-uses. In Mexico

if a policy instrument of that magnitude needs to be applied, it should be issued by a national

energy commission like CONUEE and then applied nationwide. Since stakeholders wanted to

validate the implementation of policy instruments and possibly its calibration, the policy level

to be implemented in the new model can be medium or low. See Figure 5.6.

Figure 5.6: Case Study - Policy level, aims and means

In previous years, the Mexican government has favored the use of regulatory instruments for

the residential sector given their low risks of implementation, their moderated costs, and their

impacts on different stakeholders (e.g., final users, the government, and device manufacturers).

Since they want to continue with same policy orientation, the selected instrument considers the

implementation of codes and standards. The instrument’s implementation is detailed on Figure

5.7.

The most important output of these kinds of instruments is the normative itself, but also its

validation, which normally is performed with a model. Figure 5.8 shows the agreed requirements
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Figure 5.7: Case Study - Instruments to Implement

for this model. Now, since the application of regulatory policies takes time, because it depends

on different variables like: the technical capabilities of device manufacturers, the lifespan of

current devices in the market, the introduction to the market of the efficient devices, and finally

the device acquisition by final users. The model should reflect that reality in the scenarios. In

general, stakeholders require that this BUEM calculate and predict the national consumption

of electricity of specific stand-by devices (e.g., microwave ovens) in a period of 5 to 8 years

considering the application of specific codes and standards to stand-by devices.
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Figure 5.8: Case Study - Models Requirements
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5.3 Data Definition and Understanding Phase

The following data sources are considered key in the design of the expected model (See Figure

5.9):

1. Surveys performed by Mexican government from the year 2014 to the year 2020. However

in the year 2019 no survey was conducted by the government, so we assume that the

number of microwaves remain constant in the years 2020 and 2019.

2. Norms issued by the Mexican government in regard to the maximum energy consumption

of microwaves in stand-by mode.

3. Metrics of the current efficiency of microwaves in the market and its lifespan, which have

to be obtained from the state of the art, since no official report in Mexico provides that

information.

4. Energy efficiency national reports that contains energy efficiency metrics of the last 20

years in the residential sector and residential buildings (i.e., average number of microwaves

in households and microwaves saturation rates).

5. Recently reports about the estimated energy saving of specific norms and standards

(specifically for the year 2021), so we can perform a validation of the model.

The energy consumption and energy savings metrics requested by the stakeholders are reported

on GWh/year (Giga-watts-hour per year), which is the standard metric used by the government.

The data acquisition is documented per data source and it’s available in Appendix A of this

document. The data processing phase is executed but not formally documented in this moment,

however it’s an opportunity area for the future.

5.4 Scenario Definition and Design Phase

For this phase, stakeholders propose two scenarios for modeling: 1) A Business as Usual scenario

(BAU) without the application of policies and 2) A Technology Potential scenario, where the

replacement of non-efficient for efficient devices (with average efficient consumption) is visible.

Results for the application of these kind of policies are visible between 5 and 10 years after the

norm was issued so, we find it useful to show a 8 year period prediction (i.e., 2021-2028) in all

the scenarios. Figure 5.10 and 5.11 show the specification of these scenarios.

On the other hand, since some devices can achieve more or less efficiency depending on the

kind of microwave device that is modeled, we decided to create a third scenario that shows
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Figure 5.9: Case Study - Data Definition Guidelines

the replacement of devices for the most efficient ones on the market. The scenario is called

Technology Potential scenario with high efficiency devices and its definition is available on

Figure 5.12. For these scenarios the calibration mechanism is the variable that represent the

efficiency of the new devices introduced to the market.
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Figure 5.10: Case Study - Scenario Definition(1)
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Figure 5.11: Case Study - Scenario Definition(2)
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Figure 5.12: Case Study - Scenario Definition(3)
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The scenario design is based on the following ideas: 1) there are efficient and non-efficient devices

in the market (in some proportion) 2) There is a regular appliance saturation rate per year 3)

The saturation rate is directly proportional with the number of efficient devices and inversely

proportional with the number of non-efficient devices 4) The energy consumption depends on

the number of efficient and non-efficient device and on the electricity consumption of each of

them. Figure 5.13 shows the complete causal relationship diagram of the model´s variables, such

as the uncertainties and the required datasets. With these inputs, we began the implementation

of the model.

Figure 5.13: Case Study - Scenario Design
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5.5 Model Construction

For the model construction, stakeholders allow the evaluation of new and experimental tech-

niques, so we assessed two possible choices. The first choice was time series analysis and the

second was machine learning techniques (supervised and unsupervised methods). However, the

second choice was rejected immediately given the yearly resolution of the data; normally AI

modelling techniques are useful in granular analyses with hour, minute, or day time resolution

(See Figure 5.14).

Figure 5.14: Case Study - Rejected design technique

Conversely, the time series technique seems like a more promising approach due to its applica-

tions on the prediction of energy trends, which is exactly what we needed to do in the model. We

select the double exponential smoothing method (i.e., Holt’s Method2) since the data exhibits

a linear trend and also because it was the method that better represents the data.

The technique’s documentation and the selection rationale can be regarded in Figure 5.15.

2The Holt’s method calculates the expected level of the time series and the expected increasing or decreasing
rate of the trend [79]
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Figure 5.15: Case Study - Accepted design technique
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Next, the model´s prototype was designed with the inputs, outputs, parameters, setting, cali-

brations, and calculations described on Figure 5.16.

Figure 5.16: Case Study - Model´s build

The definitions of the variables used in the model are the following:

• Households: Number of households in the country

• Stand-by electricity consumption: The average consumption of energy in stand-by mode

of a device.

• Saturation of microwaves ovens/devices: The number of microwave ovens/devices in the

Mexican market

• Saturation percentage: Proportion of devices (i.e., microwaves) that have certain age (e.g.,

less than 10 years or more o equal to ten years)

• Saturation rate per year: Proportion of new efficient devices that enter the market in a

year

Likewise, the calculations performed by the model can be viewed in Figure 5.17. For sim-

plicity, we present only the variables and the basic computations, however the real code was

implemented with the R programming language. The code can be regarded in the following

repository: https://github.com/tsetsuna/Thesis/blob/main/TSModel-Thesis.
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Figure 5.17: Case Study - Model´s Calculation Code

The Business as Usual scenario considers no changes in technology, so no savings are expected.

With these conditions it is 95% probable that electricity consumption of microwave ovens on

stand-by mode from 2021 to 2028, ranges between 418-557 GWh per year.

The executed scenario can be regarded in Figure 5.18.

We calibrate the model by changing the parameters in the exponential smoothing algorithm

(i.e., beta = TRUE which means that we are modeling data with trend). When we made this

change the SSE (Sum of Squared errors) decrease considerably.

Additionally, we test the electricity savings on the Technology Potential Scenario on devices

with average efficiency. The scenario revealed that it´s 95% probable that energy savings ranges
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Figure 5.18: Case Study - No Policy Scenario - Template

between 87 and 116 GWh per year. See Figure 5.19.

Conversely the same scenario but with high efficient devices shows energy savings ranges between

206 to 274 GWh per year in the same 8 year period. See Figure 5.20.

Finally, the prototype was tested using real data of the Mexican government that was released

in 2021. In the mentioned report, the government provide energy saving information about

the implemented norms, which reveals that the high efficient device scenario is more aligned to

reality that the other two. See Figure 5.21.

In our understanding, this last could be explained as follows. It´s possible that manufacturers

create more efficient devices compared to the issued norm. If that was the case, it would be

necessary to review the established norms, and update them. However, a specific research can

be done on the subject to understand the causes and find logical responses to the case.
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Figure 5.19: Case Study - Normal Saving Scenario
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Figure 5.20: Case Study - Best Saving Scenario

Figure 5.21: Case Study - Prototype Testing
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5.6 Model Evaluation

In the final phase, the model is evaluated using the template visible in Figure 5.22. For this

project, they indicate that all goals are met and provide comments to justify the assessment.

Figure 5.22: Case Study - Model´s results assessment

The identification of strengths, weaknesses, opportunities and threats is visible in Figure 5.23.

Based on the experience of this project, it was recommended the creation of an organizational

structure that support the process execution and the procurement of a budget for that objective.
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Figure 5.23: Case Study - Process Review and Next steps
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In the next chapter, we analyze the processes execution of this framework, so we can evaluate

the advantages and disadvantages of its application in a Decision Making Center.



Chapter 6

Results and Discussion

In the previous chapter, it was confirmed that the proposed framework is useful for creating

BUEMs and to document the model’s creation process. However, how can we know if this

process is better than the de facto methodologies used in Decision-making centers?. In the

following section, we analyze the results of the framework’s execution and we compare them

with the execution of de facto methodologies.

6.1 Review of framework’s execution procedure

During each phase of the framework, the time of activities was registered using the free version

of the Process Dashboard 1 application. Likewise, we use the Process Mining technique to

extract and analyze the process execution. If fact, the authors has documented in [46], how this

technique has been useful in different fields to discover processes, validate conformance, and to

diminish process execution time.

The experimental design was performed similar as in authors’ previous research [46]:

1. The process to analyze (e.g., the framework´s execution) is defined and their activities

are registered in a Time Log.

2. The questions to be answered are specified.

3. An event Log is created using the Time Log registered in the Process Dashboard tool.

4. The Log is analyzed using a Process Mining Tool (e.g., Disco Application 2).

1Process Dashboard is a support tool to execute the PSP (Personal Software Process). More information
about the tool can be found in: https://www.processdash.com/

2Disco is application that uses event logs to analyze and discover process models [80]
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5. The results are analyzed and reported.

For this analysis, we execute the process two times. First, for the control group (i.e., a process

executed without the framework or de facto methodology) and later, for a process executed

with the framework.

6.2 Control Group results

The data of the control group, that use the de facto methodology, was obtained from a project

executed in 2019 in a Decision Making Center. We performed interviews to five modelers and

one manager using the format A.8. The gathered information included activities from four

CRISP-DM processes: data understanding, data preparation, modeling and evaluation), but we

didn’t have access to information from the business understanding and deployment phases [3].

As can be regarded in the format, we collected start and end dates of activities, average worked

hours per task per day, and the number of resources per activity; so we can create a realistic

event log.

After that, the researchers needed to adjust the control group data sources, so they could be

comparable with the framework’s processes. It was necessary to map the activities of the original

de facto methodology (i.e., control group) with the activities of the new proposed framework.

The result of these work is visible on Table 6.6.

Table 6.1: Activities to compare among frameworks

Activities (Proposed Framework) Activities (De Facto)
Data acquisition Collect Initial data, Explore Data, Se-

lect data
Data definition guidelines Describe Data
Data Processing Verify Data Quality, Clean Data, Con-

struct Data, Integrate Data, Format
Data

Create, update portfolio of design tech-
niques

Not Applicable

Model´s build and testing Generate Test Design, Build Model
Modeling techniques selection Select Modeling Technique
Determine next steps Determine next steps
Model´s results assessment Assess Model
Review process Review Process
Scenario definition Build Model
Scenario design Build Model

The event log revealed that the process was executed in 151 days and 8 hours and 248 events

were executed. The global statistics of the process are available on Table 6.2 and the process

execution is available on Figure 6.1.
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Table 6.2: De Facto Process - Global Statistics

Metric value
Events 248
Activities 8
Median case duration 151 days and 8 hours
Start January 15th, 2019 9:00
End June 15th, 2022 19:00

Figure 6.1: Execution Map - Control Group processes

It is evidenced in the diagram that the execution frequency of two activities is extremely high.

For instance: (1) the model´s build and testing phase is executed in 50.4% of the cases and (2)

the Modeling Technique Selection in the (35%). The remaining activities (i.e., Data acquisition,

Data processing, Data definition guidelines, Review process, Determine next steps, and the

model´s results assessment) are executed jointly in just the 14.6% of the cases. These facts

reveal possible delays and bottleneck problems with these activities. In fact, it seems that there

were problems with the selection of a feasible modeling technique for the development process.

6.3 Framework’s execution results

The framework’s processes were executed in 17 days and 21 hours, following the proposed steps

and filling the proposed formats. In total there were executed 19 tasks recorded in 50 events.
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See Table 6.3.

Table 6.3: Framework Process - Global Statistics

Metric value
Events 50
Activities 19
Median case duration 17 day and 21 hours
Start October 17th, 2022 19:21
End November 4th, 2022 15:32

On the other hand, the frequencies of execution per activity are listed in Table 6.4. The activities

that have more repetitions are the Model’s build and testing (14%), followed by the Model’s

requirements and goal alignment (10%), and the Data acquisition (8%). This last make sense,

since we are analyzing a new model. It is expected that the data acquisition phase has a high

frequency, specially if the information is not provided (like in this case). Conversely, the Model´s

build and testing has a iterative nature which explains the encountered repetitions.

Table 6.4: Frequencies of execution per activity

Activity Relative Frequency
Model´s build and testing 14%
Model´s requirements and
goal alignment

10%

Data acquisition 8%
Scenario definition 6%
Problem Understanding 6%
Business Requirements
and Constraints

6%

Strategies to achieve ob-
jectives

6%

Instruments to implement 6%
Data definition guidelines 6%
Create, update portfolio
of design techniques

6%

Goal Definition 4%
Policy level, aims and
means

4%

Model’s results assess-
ment

4%

Review process 4%
Plan to achieve objectives 2%
Data processing 2%
Scenario design 2%
Modeling technique selec-
tion

2%

Determine next steps 2%

The process execution is visible on Figure 6.2. The picture reveals that processes are iterative.

Specifically three main execution cycles are identified. The first involves the activities of the

Business Understanding phase. The second include tasks from the policy alignment phase, and

the third contemplates activities from the data definition and understanding, scenario definition
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and design; and the model construction phases. The activities that have a strong dependency

with others are the ones that have higher weights in the arrows. The greatest dependency is

visible between the Business Requirements and constraints activity and the definition of strate-

gies to achieve objectives. It is interesting to analyze one of the cycles that involves the data

definition guidelines activity, and the model´s requirements definition and goal alignment; given

that the model in theory should be impacted by previous design decisions; however according

to the diagram, the model and the data definition can also affect the goals and requirements of

the model.
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Figure 6.2: Execution Map - Framework processes
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In addition, in the Performance view (See Figure 6.3) it is visible that the Data acquisition

(5.3hrs), the Model´s build and testing (5hrs), the Problem Understanding (6 hrs), and the

Model´s requirements and alignment (4.9 hrs) phases are the longest activities in the process

execution. We attribute this results to the difficulty to find information from different sources,

to the limited expertise of the model´s designers, and to the quantity of literature that was

reviewed to understand the problem. The total duration of activities are available on Table 6.5.

Lastly, there are two visible thick arrows in the diagram, that represent delays among activities.

These lines should be monitored in order to avoid bottlenecks among activities during the

process execution.

Table 6.5: Duration per activity

Activity Total duration (hrs)
Problem Understanding 6.0
Data acquisition 5.3
Model´s build and testing 5
Model´s requirements and
goal alignment

4.9

Instruments to implement 2.9
Scenario definition 2.7
Scenario design 2
Model’s results assess-
ment

1.96

Business Requirements
and Constraints

1.83

Data definition guidelines 1.83
Review process 1.58
Create, update portfolio
of design techniques

1.45

Modeling technique selec-
tion

1.4

Policy level, aims and
means

1.23

Goal Definition 1.15
Plan to achieve objectives 1.08
Data processing 1
Strategies to achieve ob-
jectives

.98

Determine next steps .7
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Figure 6.3: Performance Map - Framework processes
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6.4 Comparison with other methodology

In this section, we compare the execution of the proposed framework with the execution of the

de facto methodology used in Decision Making Centers [3] [45]. This methodology has been

studied by the authors in previous research but it has never been compared quantitatively and

qualitatively to other methods. With this comparison, we aim to validate the contribution of

our framework to the creation of BUEMs that support policy design in the residential sector

and residential buildings.

6.4.1 Model’s comparison

The model comparison was performed with the process execution data from the new proposed

framework and from the de facto methodology. We need to take a proportion of 7% of the control

group data, in order to be able to compare the processes. The data used for the comparison is

available on Table 6.6.

Table 6.6: Duration of Activities

Activity Total Duration (hrs)
- (before proposed
framework) 7% pro-
portion

Total Duration (hrs) -
with proposed frame-
work (hrs)

Data acquisition 1.8 3.2

Data definition guidelines 3.4 1.83
Data processing 1.9 1
Model´s build and testing 12 5
Modeling techniques se-
lection

2 1.4

Determine next steps 1.4 0.7
Model´s results assess-
ment

1.68 1.96

Review process 1.4 1.58
Scenario definition 5.8 2
Scenario design 3.4 2

The graphical representation of this comparison can be regarded on Figure 6.4.

The figure shows how the activity duration diminishes by using the proposed framework. Like-

wise, we can see that the magnitude of outliers is more measured, since the process execution

is more controlled. The next significance test aims to demonstrate the time efficiency obtained

by the utilization of the proposed framework.
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Figure 6.4: Comparison of activities duration per framework

6.4.2 Significance Test

We use a hypothesis test of paired samples to explore if there is a statistically significant differ-

ence in time duration because of the use of the proposed framework. The null hypothesis (H0

: mwith = mwithout) and alternative hypothesis (H1 : mwith mwithout) are defined in the

following R code:

t.test(formula = dat4$score dat4$time,

+ alternative = ”less”,

+ mu = 0,

+ paired = TRUE,

+ var.equal = FALSE,

+ conf.level = 0.95)

Pairedt− test

data : dat4$scorebydat4$time

t = −1.8484, df = 9, p− value = 0.0488

alternativehypothesis : truemeandifferenceislessthan0

95percentconfidenceinterval :

− Inf − 0.01166068

sampleestimates :

meandifference

− 1.41
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Since the p-value of the test is less than .05, then we have enough evidence to reject the null

hypothesis and we can affirm that on average the use of the proposed framework is more time

efficient than the use of other de facto methodologies.

The results of the significance test are shown in Table 6.7.

Table 6.7: Hypotheses test of the paired samples of reported times with and without the
proposed framework

Phase Avg Time With-
out Framework

Avg Time With
Framework

Difference in Times
(h)

Hypotheses Test of
Paired Samples (p-
value)

All the phases in
the framework

34.78 20.67 14.11 0.0488

6.4.3 Discussion

Hypothesis 1: The creation process of bottom-up energy models can be measured, monitored and

improved to achieve process compliance and policy alignment.

In this research, we use diverse tools to test our hypothesis. First we use the process Dashboard

application to measure all the activities executed during the model´s construction and later we

use the Process Mining technique (specifically the Disco Application) to validate the process

execution and its compliance. Likewise, in this chapter, we make a significance test to validate

the time efficiency obtained by the utilization of the proposed framework. So far, the possibility

to measure and monitor processes has brought the following advantages:

• The activities can be compared, analyzed, and changed if necessary based on specific

metrics.

• The process itself promotes policy alignment through the framework processes and tem-

plates.

• The processes can be improved based on detailed quantitative feedback.

• Time efficiency can be measured per activity or phase to apply specific technical or man-

agement strategies.

Hypothesis 2: The creation process of bottom-up energy models can be adapted to guide the

design of scenarios.

The definition and design of scenarios is one of the key phases of the proposed framework, not

only because it help to bound the scope of the model, but also because it represents the first

effort to construct a functional prototype of the model. So far the execution of the new Scenario

design phase has exhibited the following advantages:
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• It is possible to execute the processes and activities even if the stakeholder is not an expert

on the subject.

• The detailed documentation of the scenario definition and design allows the exploration

of new scenarios variables, and environments.

• The scenarios can be modified and even the processes to create them, based on the neces-

sities of the business and the stakeholders.

Additionally, in the previous study case, we validate the utility of the scenario design phase

with the Evaluation and Review Template (with a binary -yes or no - metric), however a more

detailed assessment is necessary to assess specific features of the scenario for future iterations

of the framework.

To conclude it is important to recognize that in the state of the art, there are technical method-

ologies to create models, but none of them focus on the decision-makers point of view. Our

framework aims to interrupt that dynamic by offering a tool that not only provides guidelines

but also that promotes the communication and the agreement on important decisions among

people. The framework can be useful for energy policy-makers, energy model designers, energy

efficiency experts, and managers that want to create models with a mature methodology.



Chapter 7

Conclusions and Future Work

The following research has presented a framework to facilitate the creation of bottom-up en-

ergy models (BUEMs) that aim to support policy design of electricity end-use efficiency for the

residential sector and residential buildings. The framework includes six phases: business under-

standing, policy alignment, data definition and understanding, scenario definition and design,

model construction and model evaluation. The model promotes best practices like:

1. The use of a mature process to build BUEMS which can be analyzed and improved,

2. the detailed specification of the different goals to be achieved,

3. the application of techniques that allow the construction of energy efficiency scenarios,

and

4. the inclusion of key metrics to support policy design, and the documentation of the model’s

construction for future analysis and maintenance.

We obtained these best practices from previous research work [3] [52], where the opportunity

areas of BUEM’s design were revealed.

The framework has been applied, with favorable results, in the creation of a model that supports

the design of end-use electricity policies for stand-by devices in the Mexican residential sector.

During the case study execution, the framework allowed:

1. the model’s alignment to business, stakeholders, and policy goals,

2. the documentation of the model and it’s creation processes,

3. the application of best practices for the creation of BUEMs than aim to support policy

design of electricity end-use efficiency, and

88
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4. the support of different kinds of models (e.g., bottom-up and top-down).

On the other hand, the process mining technique has been applied to the framework’s processes

to identify the activities that are executed, their frequency and time performance. In fact, our

research hypothesis was successfully proved through a quantitative comparison of real energy

models, using this technique, which actually has revealed the advantages of the framework

utilization.

The contributions of this research to the literature are:

1. A framework that promote best practices for the development of BUEMs that aim to

support policy design,

2. a complete taxonomy to create bottom-up energy models that can be used to compare

and evaluate different models,

3. a process model that allow the comparison and improvement of processes to create BUEMs,

and

4. a framework that can be expanded and applied to other energy sectors and to other kinds

of models (e.g., top-down models).

Lastly, it has been mentioned all the advantages of the framework, however there are important

aspects that should be considered for future research: First, it must be studied new ways

to gather event logs of the processes execution. This subject is crucial in order to calculate

with precision the real efficiency of an executed process. If there is no maturity in the data

gathering of processes, the information could no reveal truthful data. Second, it is necessary

to include additional best practices for model creation to the framework (e.g., key metrics and

model evaluation techniques), and quality assurance processes. Third, it should be implemented

a mechanism to document errors (e.g., an error log) during the process execution, so their

appearance can be analyzed and avoided in future iterations of the framework’s execution.

Finally, the processes could be improved with the addition of execution roles and flow chart

diagrams, which were not possible to include given time restrictions. The execution roles can

be documented using swimlanes in a process flow diagram, so the responsibilities can be clearly

specified.
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Figure A.1: Case Study- Data Source 1
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Figure A.2: Case Study- Data Source 2
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Figure A.3: Case Study- Data Source 3
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Figure A.4: Case Study- Data Source 4
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Figure A.5: Case Study- Data Source 5
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Figure A.6: Case Study- Data Source 6
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Figure A.7: Case Study- Data Source 7
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Figure A.8: Case Study- Data Gathering Format (Control Group)
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