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Abstract: In recent years, parametric simulations have made great strides forward in whole-building energy simulation. They
are now routinely used in new building design. In our work, we have developed a process utilizing parametric simulations
for finding cost-effective solutions specifically for energy upgrade projects of existing buildings. The process builds upon the
use of parametric simulations to optimize design by adding: 1) steps specifically for energy upgrade projects, 2) financial
analysis, and 3) an interactive parallel coordinates interface to analyze the parametric results. It is designed to provide
sufficient data and recommendations to inform decision makers of the best energy efficiency measures (EEMs) to implement.
In this paper, we will describe the process and show how it has been applied to demonstrate the cost effectiveness of EEMs
for an energy upgrade of a large government building. The building pursues net-zero or net-positive energy performance and
strives to become carbon neutral.
Keywords: Parametric simulations, net-zero energy, zero GHG emission, carbon neutral, financial analysis, design process

INTRODUCTION
In recent years, parametric simulations have made great
strides forward in whole-building energy simulation. They
are now routinely used in the building design process for
new construction.
In the early stages of building design, parametric
simulations have been used to optimize the geometric
aspects of the building. For example, Wang et al. (2009)
uses EnergyPlus based parametric simulations to optimize
facade design in terms of building materials, window sizes
and orientations. Anton et al. (2015) uses parametric
modelling in EnergyPlus, Radiance, Daysim, and
OpenStudio to analyze the building shapes in terms of solar
radiation, solar access analysis in a complex urban
environment, and daylight analysis for skylight design. Li
et al. (2013) has used EnergyPlus and MEESG to
investigate the energy impact of varying the building’s
window-to-wall
ratio.
Kim
et
al.
(2015) have used parametric BIM-based energy
simulations to study complex kinetic façades. Qingsong et
al. (2016) uses Ladybug to optimize window areas in each
orientation with the aim of minimizing energy consumption
and maximizing daylight illuminance for an office building
in Beijing, China.
Parametric simulations have also been used to analyze
energy efficiency measures (EEMs). For example, Attia et
al. (2012) have developed a simulation-based decision
support tool for the early stage design of zero-energy
buildings. It utilizes EnergyPlus based parametric
simulations to optimize passive (e.g. orientation, geometric
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features, envelope properties) and active (e.g. HVAC,
ventilation, photovoltaic, solar thermal) building elements.
Parker et al. (2014) present a workflow utilizing the
OpenStudio Parametric Analysis tool to analyze EEMs. Alajmi et al. (2017) uses TRNSYS-PREBID to perform a
parametric sensitivity analysis of EEMs relating to building
envelope, window type, size and direction, infiltration, and
ventilation. Kerdan et al. (2015) have used EnergyPlus
based parametric simulations to assess the impact of retrofit
measures (e.g. HVAC systems, insulation) for office and
primary school type buildings. In their study, they have
proposed a multi-objective optimization method to find the
optimal retrofit measures that minimize energy use, exergy
destructions, and thermal discomfort. The biggest
limitation of their study is that the cost objective function
was not considered, which would radically change the
optimal solutions. Lee et al. (2015) have created DEEP
(database of energy efficiency performance) for
commercial buildings in California using EnergyPlus. They
have explored EEMs covering envelope, lighting, heating,
ventilation, air-conditioning, plug-loads, and service hot
water. DEEP is integrated into a web-based retrofit toolkit,
which queries the database and returns recommended
EEMs as well as their estimated energy savings and simple
payback. Iqbal et al. (2007) have studied EEMs (i.e. HVAC
systems, glazing, insulation, temperature setpoints, and
lighting) in Visual DOE 4.0 for an existing office building
in Saudi Arabia. Optimal EEMs were chosen solely based
on energy conservation.
To date, most of the published papers in the field are geared
toward new construction projects or are limited to studying
energy impacts of EEMs only. In our work, we have
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developed a process for finding cost-effective solutions
specifically for energy upgrade projects. To date, there is
insufficient guidance in the field for this type of project.
Our process is designed to clearly identify the tasks of the
energy modeller as well as the inputs and deliverables for
each task. It is also designed to provide sufficient data and
recommendations to inform decision makers of the best
design upgrade measures or combination of measures to
implement, whether looking at an individual building or a
portfolio of buildings. This process builds upon the use of
parametric simulations to optimize design by adding: 1)
steps specifically for energy upgrade projects, 2) financial
analysis, and 3) a user-friendly and interactive interface to
analyze the parametric results.

tasks of the energy modeller as well as the inputs and
deliverables for each task. Each deliverable is meant to be
a quality assurance check and should also be reviewed by
the building owner’s representative before moving on to the
next step. This is to assure sufficient quality and avoid
rework and delays. Because of the inevitably high level of
uncertainty in the details of the existing building, alignment
within the project team - with regards to the existing
building condition and energy model - needs to be achieved
before moving forward with the analysis of potential
upgrades. Each of these steps is described in more detail in
the following sections.

To address the unique requirements of an energy upgrade
project versus a new construction project, steps for existing
building condition assessment and the development of an
existing building energy model are added to the process.
Parametric simulation results become particularly powerful
combined with financial metrics such as initial investment,
net present value (NPV), life cycle cost assessment
(LCCA), and greenhouse gas (GHG) emission reduction
cost. With this process, one can find the best solution that
can meet multiple project targets, which can be based on
code compliance, energy performance, carbon emissions or
financial metrics.
In this process, the large amount of parametric results data
is represented in a user-friendly and interactive parallel
coordinates plot. Users can easily interact with the data via
the plot to find the best solution for their project targets.
In this paper, we will describe the process and show how it
has been applied to demonstrate the cost effectiveness of
EEMs for an energy upgrade design case. The example case
is an existing large government building in Canada
(anonymized for confidentiality reasons). The building
pursues net-zero energy performance and strives to become
carbon neutral.

METHODOLOGY
The proposed process is as follows:
1. Existing Building Condition Assessment
2. Energy Model of Existing Building
3. Design Measure Selection
4. Parametric Design Analysis
a. Energy Analysis
b. Financial Analysis
c. Design Option Selection
5. Final Recommendations
Figure 1 shows inputs and deliverables of each step in the
process. This process is designed to clearly identify the
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Figure 1 Process Flow Diagram

Existing Building Condition Assessment
The foundation of a building performance evaluation of an
existing building is the energy audit, which includes a site
visit reviewing the existing building systems and
components. Audit pictures, systems portfolio inventory,
and pre-existing documentation provide the basis for
system verification and evaluation of investment grade
design measure selection.
In this process, a detailed site review is required to identify
the existing conditions. Existing documentation is
reviewed. The BMS operation and control codes are
investigated to determine lighting schedules, air handling
unit schedules, and temperature setpoints. A full inventory
of building systems and their parameters and schedules is
developed. By analyzing monthly utility bills, we establish
a weather normalized baseline and review the historical
energy performance of the building. Building occupant
densities and schedules are also estimated.
An Existing Building Condition Report is the deliverable
for this step. This report presents a summary of the current
conditions of the building’s components (e.g. envelope,
mechanical systems, control systems, lighting, service hot
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water, etc.) as well as replacement recommendations and
equipment.

Energy Model of Existing Building
Simulations of building systems are useful for analyzing
design options. A well-constructed simulation can be used
to estimate operational cost savings associated with
potential energy efficiency projects. In the case of an
existing building, the value of the simulation is directly
related to the accuracy of the representation of the existing
building’s energy performance in the simulation. Unknown
conditions, operating set point, envelope performance and
operating schedules introduce errors into the energy model,
which impact the subsequent financial analysis and design
upgrade recommendations. For example, energy savings
from a EEM can be exaggerated if the model does not
accurately represent the actual building, which results in a
falsely attractive return on investment for that EEM.
An energy model of the existing building is created based
on the information from the building condition assessment.
Using the information collected on energy consumption
and building systems, the model is calibrated to the
building’s metered energy consumption as stated in the
provided utility data.
Calibration is the process where model results are
compared to measured values on the building, system, and
zone level. If necessary, the model is adjusted to better
reflect the measured data. The correlation of measured data
to modelled data is used as a measure of the model’s
calibration and, therefore, a measure of confidence in the
model results. In this process, models are calibrated
following the ASHRAE Guideline 14 by ASHRAE (2014),
which provides methods to relate measured energy use to
historical weather conditions and tools to characterize load
shapes and account for diversity in occupant-based energy
uses. The guideline also presents acceptable calibration
tolerances based on the type of data that is available. The
tools referenced in the guideline are intended to be applied
to building energy models and result in acceptable
calibration tolerances. The calibration procedure is
typically iterative where model inputs are adjusted, and
results are compared to the measured energy use. Inputs are
adjusted systematically until the model achieves an
acceptable calibration tolerance. Depending on the building
data and resources available for each project, novel
approaches such as utilizing a maintained BIM model or
calibrating from a template model could be integrated into
calibration process. More information on existing building
energy model calibration is provided by Lara et al. (2016),
Mihai et al. (2013), Christantoni et al. (2015), Mushi et al.
(2012), and U.S. Department of Energy (2015).
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A Calibration Report is the deliverable for this step. This
report includes a detailed input table for the energy model
as well a summary of how the condition of each building
component is represented in the model. The energy use,
energy use breakdown, and GHG emissions of the existing
model are also presented.

Design Upgrade Measure Selection
The design upgrade measures imaginable are countless;
however, many of them do not pass an initial viability test.
To establish a list of plausible measures, we implemented
a selection strategy based on several objectives. The
following objectives guide the measure selection process
and form the basis of their evaluation:
• Provide best value based on professional judgement and
experience
• Utilize proven technology
• Reduce energy consumption and GHG emissions by first
focusing on large scale measures
• Select measures based on existing documentation
recommendations
• Select measures based on ease of maintenance
• Minimize capital investment or life cycle cost where
appropriate
• Select measures that save energy in the three largest
energy consumers of the building
• Select and/or modify measures that have little or no
limitations (geographic, physical, regulatory, or other)
A Table of Measures is the deliverable for this step. This
table will present which EEMs are viable for the project and
an explanation why each EEM is viable or not viable.

Parametric Design Analysis
In recent years, energy simulation technologies have
advanced to enable a review of the interactive effects of
multiple measures implemented simultaneously. This
process is called parametric design analysis. The analysis
consists of the following three steps: energy analysis,
financial analysis, and Design Option selection.
Energy Analysis
Parametric Energy Simulation
In the first step, rather than narrowing down the potential
designs to a small subset of designs and/or energy
efficiency measures to be analyzed through simulation,
potential design options are created by combining all
different design parameters that are conceivable for the
project. This means that many design iterations are created,
typically including envelope performance, HVAC system,
lighting design, and any other design consideration of
interest, which are combined in various permutations.
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Whole building energy simulations using each design
iteration can be performed using automated parametric
simulations in jEPlus (Zhang et al. [2018]) and EnergyPlus
(U.S. Department of Energy [2018]). Using this process of
parametric simulations limits the need to reduce the number
of simulations to a manageable number as the only
limitation is computational power. This enables the design
team to estimate the impact of all individual design
decisions on the overall building energy performance.
Financial Analysis
Life-cycle cost analysis (LCCA) is the process of
identifying alternative investment scenarios and
establishing basic financial assumptions for relevant cost
and/or savings. To evaluate the financial viability of
different design upgrade options, life-cycle costing is
performed for each measure separately as well as for a
combination of measures.
The life-cycle costing of different measures and design
options relies on costing inputs with respect to capital
investment, anticipated maintenance and operations costs,
and estimated equipment life expectancy, replacement
costs, and disposal/salvage costs. As building performance
is a result of the interaction between many systems and subsystems, the energy costs associated with different designs
are calculated in the whole building energy modelling and
simulation process described in earlier sections on a perdesign (measure combination) basis rather than on a permeasure basis.
The metrics of per unit cost to reduce GHG emissions and
net present value (NPV) are calculated for each measure or
combination of measures.
Per Unit Cost to Reduce GHG Emissions
A projection of greenhouse gas savings associated with
implementation of measures can be estimated and
compared to the initial capital outlay. This simple
technique ignores the cost of borrowing money (i.e.
interest), lost opportunity costs, and maintenance costs. It
also ignores inflation and the time value of money. Using
this equation, the per unit cost to achieve a 1 tonne CO2e
reduction for each measure can be estimated. The following
equation was used to calculate per unit costs to reduce CO2e
for each measure or combination of measures:
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑡𝑡𝑡𝑡 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐺𝐺𝐺𝐺𝐺𝐺 =

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
𝐺𝐺𝐺𝐺𝐺𝐺 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

(1)

Net Present Value of Measures

The net present value (NPV) is a method used to ‘shift’ all
the identified life-cycle costs to their equivalent present
value. Life-cycle costs includes all costs, revenues and
savings incurred during the defined analysis period. NPV
represents the sum of all annual net cash flows minus the
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total initial investment costs for the analysis period
presented in terms of current dollar value. This equation
considers opportunity cost (discount rate), and the time
value of money. The NPV was calculated using the
following equation:
𝑇𝑇

𝑁𝑁𝑁𝑁𝑁𝑁 = �
𝑡𝑡=1

𝐶𝐶𝑡𝑡
− 𝐶𝐶𝑜𝑜
(1 + 𝑟𝑟)𝑡𝑡

(2)

Table 1: NPV Variable Descriptions
Variable

Description

Ct

The net cash flow for the existing building
or a building with implemented measure(s)
includes: energy costs, annual maintenance
costs,
replacement
costs,
architecture/engineering & contingency
costs for replacements, salvage/disposal
costs (accounted for in the final year of
analysis period) and incentives.

Co

The total initial investment costs for the
existing building or a building with
implemented measures includes: capital
costs and architecture/engineering &
contingency costs for capital costs.

T

The analysis period for the NPV.

t

The number of periods by which values are
discounted over the analysis period.

r

The real discount rate (i.e. the nominal rate
adjusted to reflect inflation and energy
escalation assumptions) is defined as:
1 + 𝑖𝑖
𝑟𝑟 =
−1
1 + 𝑗𝑗
Where i = discount rate and j = inflation, or,
when applied to payments for energy, the
energy cost escalation rate.

Traditionally, if the calculated NPV value is positive, it
indicates that implementation of the measure or
combination of measures will be profitable. Positive NPV
values indicate that cash inflows are greater than costs
incurred within the defined analysis period. Where the
calculated NPV value is negative, it indicates that
implementation of the measure or combination of measures
will not be profitable. Negative NPV values indicate that
cash inflows are lower than costs incurred within the
defined analysis period. In theory, any measure or
combination of measures that generate positive NPV values
is recommended to be pursued.
In the evaluation of building energy efficiency upgrades,
however, all NPV calculations deal solely with cash
outflows, and therefore all calculated NPV values will be
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negative. This is because the study does not account for
cash inflows associated with the building (i.e. payments
made by occupants for use of the space). Therefore, it is
necessary to consider the incremental difference between
the existing building case and the proposed measure or
combination of measures.
This comparison will
demonstrate the relative impact of the measure or
combination of measures in comparison to a scenario where
the existing equipment/building continues to operate in its
existing condition. This represents the LCCA of individual
building measures.

Life cycle cost analysis (LCCA) is the process of
comparing the different Design Options and the existing
building scenario based on their respective life-cycle costs
in present dollars as calculated through NPV to determine
best value. Life-cycle costs includes all costs, revenues and
savings incurred during the analysis period. The following
equation shows how the life-cycle costs of each Design
Option is compared to the existing building scenario.

To compare the incremental costs and benefits of each
measure or combination of measures with the existing
building scenario, the differential of their respective NPVs
is analyzed. Specifically:

All Design Options that demonstrate positive NPV values
at the end of the defined analysis period can be considered
to provide economic benefit in comparison to the base case
(i.e. the existing building).

∆𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑁𝑁𝑁𝑁𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑁𝑁𝑁𝑁𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

(3)

If the ∆NPV is positive, it indicates that implementation of
the measure or combination of measures represents lifecycle benefit in comparison to the existing building case.
Positive ∆NPV values indicate that cost savings from
energy consumption reduction achieved by the measure
implemented are greater than the incremental costs
associated with implementing, maintaining, and
salvaging/disposing of that measure or combination of
measures within the defined analysis period in relation to
the existing building case (i.e. the equivalent energy,
maintenance, and salvage/disposal costs of the existing
equipment/building).
If the ∆NPV is negative, it indicates that implementation of
the measure or combination of measures will present
additional cost in comparison to the existing building case
that is not offset by efficiencies gained from capital
investment (to achieve greater energy efficiency) across the
life-cycle of the measure. Negative ∆NPV values indicate
that cost savings from energy consumption reduction are
lower than the incremental costs associated with
implementing, maintaining, and salvaging/disposing of that
measure or combination of measures within the defined
analysis period in relation to the existing building case (i.e.
the equivalent energy, maintenance, and salvage/disposal
costs of the existing equipment/building).
This is a critical distinction as the relative differential
between the existing building case and the proposed
measures is what informs decision-making on the relative
attractiveness of implementing these measures. In effect,
this analysis demonstrates the estimated reduction in costs
for the building through implementation of the proposed
measures.
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Net Present Value of Design Options

∆𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑁𝑁𝑁𝑁𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑁𝑁𝑁𝑁𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

(4)

Design Option Selection
Parallel Coordinates Tool
The parametric simulations generate a very large number
of results data as they efficiently perform hundreds or
thousands of full individual energy models. To be able to
gain information from the data and draw conclusions, the
data needs to be processed with a tool suitable for large sets
of multi-dimensional data. The parallel coordinates tool can
present this data in an interactive way, where sets of
parameters can be chosen to view an outcome of interest
such as energy use intensity (EUI), net present value, or
payback period. The parallel coordinates tool utilizes the
open-source JavaScript library d3.parcoords.js (Chang
[2018]).
Final Design Option Selection
Using the parallel coordinates tool, Design Options (i.e.
measure bundles) are selected based on the ability of a
combination of individual measures to meet the project
objectives, such as, for example, an energy use intensity
target or a cap on GHG emissions. The power of the parallel
coordinates tool lies in the ability to select the target
outcome in the interactive data set and results in a set that
represents all the design options that meet the performance
target. The most economical of these options can then be
selected for implementation. Depending on the economic
framework for a project, the most economically feasible
option can be characterized by different metrics, for
example capital cost investment, or more sophisticated life
cycle cost analysis.
The deliverable for this step is the performance of measures
and Design Options. This includes key energy and financial
metrics such as EUI, energy savings, GHG reduction,
initial investment, energy cost savings, ∆NPV, $/GHG
saving, etc.
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Analysis of Design Options

Existing Condition Summary

The final step of any additional analysis required for the
Design Options. Based on the project, this step could
include risk assessment, measurement and verification
(M&V) analysis, or a more detailed LCCA of the Design
Options (e.g. cash flow table). Final recommendations are
the deliverable for this step. This will provide the client
with EEM recommendations based on the results of all the
analyses.

• Upgrades to wall, ceiling, and parkade insulation are
recommended.
Mechanical Systems

RESULTS
The process was applied to a net-zero GHG energy upgrade
project. The following sections present summaries of each
step’s deliverable.

Existing Building Condition Assessment
The project is an energy upgrade for an office facility in
Canada. This 8-storey building has a floor area of
approximately 12,500 m2, which includes the enclosed
parking space. The building was originally constructed
around 1960 with a significant alteration completed in the
early 1990’s. The building has an estimated occupancy load
of 500 staff. The building accommodates several space
types such as open office, closed office, parking garage,
lobby, washrooms, as well as other spaces to provide
service to the building such as storage rooms, stairwells,
electrical rooms, computer rooms, and mechanical rooms.
Table 2 provides a brief description of the building’s
conditions. All information has been taken from provided
documentation and the conducted site visit review. This
study also accounts for additional building components
recommended for replacement by the building condition
report (BCR), which are not mentioned in the table below.
Table 2 Summary of Existing Building Conditions
Existing Condition Summary
Building Envelope
• Walls are constructed of concrete block with brick
cladding and semi-rigid insulation (R-9.4 ft²·°F·h/Btu,
RSI 1.7 K·m²/W).
• The roof is a ballasted EPDM system with tapered
rigid insulation (R-20 ft²·°F·h/Btu, RSI 3.5 K·m²/W).
• Glazing is aluminum frame with double pane insulated
glazing units (U-0.55 Btu/ft²·°F·h, USI 3.1 W/K·m²).
• Thermal insulation and air barrier levels and condition
are consistent with a building of this vintage.
• Persistent issues were noted and observed with leaks
through and around the glazing. The BCR and site
observations confirm that replacement of the glazing
system is recommended.
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• The building is heated using perimeter electric heat
combined with electric heat reheat coils.
• Air is delivered from several air handling units via a
ducted VAV system.
• Run around loop heat recovery on rooftop AHU (35%
effectiveness)
• Both the BCR and site observations confirm the
HVAC system is nearing the end of its service life and
replacement is recommended.
Control System
• There is a direct digital control (DDC) system with a
combination of pneumatic and electronic actuators.
The DDC system controls temperature and fans.
• Air handling system operates 6:45am-5:00pm daily.
• Setpoints: summer 24°C, winter 22°C (18°C setback).
• The controls technology and actuators are largely
obsolete and there are reliability issues. As such both
the BCR and auditors recommend upgrades to the
controls.
Service Hot Water
• Electric storage tanks provide service hot water. There
are 9 heaters ranging in size from 12 gallons to 100
gallons. The tanks are in fair condition.
Lighting
• Interior lighting is generally T-12. The lighting
technology and control systems are obsolete.
Replacement is recommended.

Existing Building Energy Model
An existing building model was created based information
collected from site observations, drawings, and energy
audit reports.
The energy model of the existing building has been
calibrated to within ± 5% of the building’s metered energy
consumption as stated in the building’s 2016 utility data.
The annual electricity use and EUI of the existing building
are is 1,992,062 kWh and 147 kWh/m2, respectively.
Figure 2 shows the existing building energy consumption
by end use. Interior equipment (i.e. plug loads), heating,
and interior lighting are the three largest energy consumers
in this building. In the pie chart, “Other” end uses include
heat rejection and energy recovery. The associated GHG
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Figure 3 Parametric Simulation Results - Full Set

Figure 2 Existing Building Energy Use

Design Measures Selection
The EEMs are categorized by the broad scope of the work:
building envelope, mechanical systems, controls, service
hot water, lighting systems, electrical, and on-site
generation. Although, we have considered many EEMs, the
final modelled EEMs for this study were chosen for their
feasibility, cost-effectiveness, and potential to lower energy
use in the three largest energy consumers in this building.
The following are the EEMs that were identified as viable
for this project:
•
•
•
•
•
•
•
•
•
•
•

Exterior Wall Upgrade {R-15, R-20, R-30}
High Performance Windows {U-0.35, U-0.25, U-0.18}
Roof Upgrade {R-40, R-60, R-80}
Ground Source Heat Pump System (GSHP)
Additional Energy Recovery (ERV) {80% effectiveness}
Solar Hot Water (HW) System
LED Lighting for Offices and Corridors
Daylight sensors and control
Office Receptacle Load Reduction
Elevator Regenerative Drives
Photovoltaic (PV) Panels

Parametric Design Analysis Results
Parametric Design Analysis was performed for this project.
Figure 3 shows the results of 16,384 unique simulations. In
general, in a parametric simulation, the computer is set up
to automatically calculate full energy models for each
possible combination of the existing building and the
individual upgrade measures under consideration. The
graph shows the EEMs on the left columns and the analysis
results on the right columns. The Design Options Analysis
axes provide results for the scenario where only the EEMs
are implemented and no additional PV is added. All Design
Options presented in the graph can be carbon neutral. The
Carbon Neutral Analysis axes provide results for the carbon
neutral scenario.

Through Parametric Design Analysis, we have determined
the best Design Option (i.e. EEM bundle) to achieve netzero GHG (Figure 4) by filtering through the database of
thousands of simulation and financial analysis results
shown in Figure 3. The filtering is an interactive process in
a Java-based web browser application. By selecting the
constraints for the design on the screen, as shown in a
screen capture in Figure 4, the preferred Design Option can
be identified. If design options perform similar, in general
all of them are under consideration because of the inherent
level of uncertainty in the simulations and financial
analysis. Further selection is then based on finer grained,
secondary preferences.
The recommended Design Option for this project is a
bundle of EEMs that are selected first on its ability to offset
GHG emissions with PV and, second, its cost effectiveness
(i.e. lowest ∆NPV of costs over 25 years). The physical
limitations of the site for PV panels are also considered. We
have selected a Design Option that reduces the yearly
carbon generation from energy consumption to a level
where, if the available on-site area were covered in PV,
yearly carbon generation would be balanced, and netpositive energy generation is possible. This strategy
assumes utility scale generation would be possible.
There were several options that could achieve net-zero
GHG; our recommended Design Option is the most costeffective solution with a feasible PV area requirement of
4,033 m2. The building roof area is only 3,197 m2;
therefore, structure could be built above the parking area to
accommodate the additional PV panels required. There
were several options that could achieve this. The Design
Option includes:
•
•
•
•
•

Ground source heat pump (GSHP)
80% effectiveness energy recovery on OA
Office plug load reduction
Daylight sensors on perimeter lights
High efficiency lighting

Conversion factor provided by owner’s representative: 0.00002 GHG
eCO2 (tonnes/kWh)
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Figure 4 Net-Zero GHG Design Option: Lowest ∆NPV of Costs, Feasible PV Area
• Elevator regenerative drives on new elevators
• Solar hot water (HW) heating
• 4,033 m2 of photovoltaic (PV) panels
Energy Analysis Results
Individual Measures
A simulation was also run for each individual measure and
the results were compared to the existing building model.
Figure 5 shows the GHG reduction of each modelled EEM.
The GSHP, GSHP with ERV, and low office plug load
EEMs achieve the highest GHG reductions. Roof
improvement, energy recovery (on the existing VAV
system), solar hot water heating, and elevator regenerative
drives results in the lowest GHG reductions.
Design Option
Since this is a net-zero GHG project, the Design Option
would result in a building with zero net annual energy use
and zero net annual GHG emissions. The energy and GHG
savings would be 100% of the existing building’s energy
use (i.e. 1,992,062 kWh) and GHG emissions (i.e. 40
tonnes of eCO2), respectively.
Financial Analysis Results
We have performed a financial analysis on the individual
EEMs and the Design Option as per the methodology.
Associated costs for each EEM were estimated by cost
consultants. Selecting parameters for the financial analysis
is very dependent on the financial outlook of the respective
building owner and the values they use for their forecasting,
rather than on finding and “accurate” number. In the
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present case, the owner’s representative requested a
discount rate of 2%, inflation/escalation rate of 2%, and an
analysis period of 25 years was used to calculate the energy
cost savings. Based on utility rates and energy model
results, blended current electricity rate of $0.098/kWh was
determined.
Elevator Regen. Drives
Low Office Plug Load
LED with Daylight Controls
Daylighting Controls
LED Lighting
Solar HW
GSHP and ERV
GSHP
Energy Recovery (GSHP)
Energy Recovery (VAV)
R-80 Roof
R-60 Roof
R-40 Roof
R-30 Walls
R-20 Walls
R-15 Walls
U-0.18 Windows
U-0.25 Windows
U-0.35 Windows
0
2
4
6
8
10
GHG REDUCTION (ECO2 TONNES)

Figure 5 GHG Reduction of each EEM
Individual Measures
Figure 6 shows the ∆NPV of each EEM, which is an
indicator of how cost effective the EEM is based on an
analysis period of 25 years. GSHP, GSHP with ERV, Solar
HW, and daylighting controls all have a positive ∆NPV,
which indicates that implementation of the measure
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represents cost savings in comparison to the existing
building case. Positive ∆NPV values indicate that cost
savings from energy consumption reduction achieved by
the measure implemented are greater than the incremental
costs associated with implementing, maintaining, and
salvaging/disposing of that measure within the defined
analysis period in relation to the existing building case (i.e.
the equivalent energy, replacements, maintenance, and
salvage/disposal costs of the existing equipment/building).
Elevator Regen. Drives
Low Office Plug Load
LED with Daylight Controls
Daylighting Controls
LED Lighting
Solar HW
GSHP and ERV
GSHP
Energy Recovery (GSHP)
Energy Recovery (VAV)
R-80 Roof
R-60 Roof
R-40 Roof
R-30 Walls
R-20 Walls
R-15 Walls
U-0.18 Windows
U-0.25 Windows
U-0.35 Windows
-1,500,000

-3,500,000

500,000
∆NPV ($)

The proposed Design Option reaches a positive net-present
value before 25 years, making it a cost-effective
investment. It also features a low cost per tonne of GHG
saved as well as a low initial investment. The reason for this
is the imminent need for renovations for this building;
therefore, the additional or incremental total cost for an
upgrade to a net-zero GHG building is not as large as it
might be for a building where most components still have
significant remaining operating life. It is found that
envelope upgrades are less cost efficient than increasing the
PV generation field, and consequently this Design Option
does not include envelope upgrades, even though they were
found feasible within the 25 year budget horizon. The
∆NPV becomes positive after 24 years.

CONCLUSION

2,500,000

Figure 6 ∆NPV for each EEM
Design Option
Table 3 shows results of the financial analysis. The energy
cost savings would be the annual energy cost of the existing
building.
Table 3 Financial Analysis Results
Results

Value

Initial Investment ($)

9,536,781

Energy Cost Savings ($/year)

195,222

∆NPV ($)

641,733

Cost/GHG Savings ($/tonnes eCO2/year)

239,370

Final Recommendations
Using the process, we have determined the best Design
Option to achieve a net-zero GHG building. The Design
Option includes:
•
•
•
•
•

• Elevator regenerative drives on new elevators
• Solar hot water (HW) heating
• 4,033 m2 of photovoltaic (PV) panel

Ground source heat pump (GSHP)
80% effectiveness energy recovery on OA
Office plug load reduction
Daylight sensors on perimeter lights
High efficiency lighting

Proceedings of eSim 2018, the 10ᵗʰ conference of IBPSA-Canada
Montréal, QC, Canada, May 9-10, 2018

There are many publications in the field that provide
direction for utilizing parametric simulations for new
construction projects. However, we have found that there is
insufficient guidance in the field for energy upgrade
projects, and thus, we have developed a process for finding
cost-effective solutions specifically for this type of project.
Our process is designed to clearly identify the tasks of the
energy modeller as well as the inputs and deliverables for
each task. It is also designed to provide sufficient data and
recommendations to inform decision makers of the best
design upgrade measures or combination of measures to
implement, whether looking at an individual building or a
portfolio of buildings. This process builds upon the use of
parametric simulations to optimize design by adding: 1)
steps specifically for energy upgrade projects, 2) financial
analysis, and 3) a user-friendly and interactive interface to
analyze the parametric results. In this paper, we have
described the process and showed how it has been applied
to demonstrate the cost effectiveness of EEMs for an
energy upgrade design case.

REFERENCES
Al-ajmi, Farraj, Mohammad T.A. Alkhamis, and Hana M.
Alsaeid. 2017. "Parametric simulation for energy
efficient building design of Kuwaiti domestic
buildings."
Journal
of
Buildings
and
Sustainability 1 (1): 48-60.
Anton, Ionut, and Daniela Tanase. 2015. "Informed
Geometries. Parametric Modelling and Energy
Analysis in Early Stages of Design." Sustainable
Solutions for Energy and Environment,
EENVIRO. Bucharest, Romania. 9-16.
566
ISBN 978-2-921145-88-6

ASHRAE. 2014. Guideline 14: Measurement of Energy,
Demand, and Water Savings.
Attia, Shady, Elisabeth Gratia, Andre De Herde, and Jan
L.M. Hensen. 2012. "Simulation-based decision
support tool for early stages of zero-energy
building." Energy and Buildings 49: 2-15.
Chang, Kai. n.d. Parallel Coordinates. Accessed February
9, 2018. https://syntagmatic.github.io/parallelcoordinates/.
Christantoni, Despoina, Simeon Oxizidis, Damian Flynn,
and Donal Finn. 2015. "Calibaration of a
Commerical Building Energy Simulation Model
for Demand Response Analysis." 14th Conference
of International Building Performance Simulation
Association. Hyderabad, India.
Energy, U.S. Department of. n.d. EnergyPlus. Accessed
Feburary 9, 2018. https://energyplus.net/.
Iqbal, Imran, and Mohammad Al-Homoud. 2007.
"Parametric analysis of alternative energy
conservation measures in an office building in hot
and humid climate." Building and Environment
42: 2166-2177.
Kerdan, Ivan, Rokia Raslan, and Paul Ruyssevelt. 2015.
"Parametric study and simulation-based exergy
optimization for energy retrofits in buildings."
28th International Conference on Efficiency,
Cost,
Optimization,
Simulation
and
Environmental Impact of Energy Systems. Pau,
France.
Kim, Hyoungsub, Mohammad Rahmani Asl, and Wei Yan.
2015. "Parametric BIM-based Energy Simulation
for Buildings with Complex Kinetic Facades."
Conference of Education and Research in
Computer Aided Architectural Design in Europe.
Vienna, Austria. 657-664.
Lara, Rigoberto Armabula, Emanuele Naboni, Giovanni
Pernigotto, Francesca Cappelletti, Yi Zhang,
Furio Barzon, Andrea Gasparella, and Piercarlo
Romagnoni. 2016. "Optimization Tools for
Building Energy Model Calibration." 8th
International Conference on Sustainability in
Energy and Buildings. Turin, Italy.

Integrated Simulation at Schematic Phase."
Conference
of
International
Building
Performance Simulation Association. Chambery,
France. 877-884.
Mihai, Andreea, and Radu Zmeureanu. 2013. "Calibration
of an Energy Model of a New Research Center
Building." 13th Conference of International
Building Performance Simulation Association.
Chambery, France.
Munshi, Madhav, Dan Tuhus-Dubrow, John An, and Brian
Coffey. 2012. "Practical Techniques for
Automated Calibration of Existing Models for
Use in Building Operations." Fifth National
Conference of IBPSA-USA. Madison, USA.
Parker, Andrew, Kyle Benne, Larry Brackney, Elaine Hale,
Dan Macumber, Marjorie Schott, and Evan
Weaver. 2014. "A Parametric Analysis Tool for
Building
Energy
Design
Workflows:
AApplication to a Utility Design Assistance
Incentive Program." ACEEE Summer Study on
Energy Efficiency in Buildings. Pacific Grove,
CA. 263-274.
Qingsong, Ma, and Hiroatsu Fukuda. 2016. "Parametric
Office Building for Daylight and Energy Analysis
in the Early Design Phases." Procedia - Social and
Behavioral Sciences 216: 818-828.
U.S. Department of Energy. 2015. "M&V Guidelines:
Measurement and Verification for PerformanceBased Contracts." Version 4.0, Federal Energy
Management Program.
Wang, Liping, Julie Gwilliam, and Phil Jones. 2009. "Case
study of zero energy house design in UK." Energy
and Buildings 41: 1215-1222.
Zhang, Yi, and Ivan Korolija. n.d. JEPlus – An EnergyPlus
simulation manager for parametrics. Accessed
February 9, 2018. http://www.jeplus.org.

Lee, Sang Hoon, Tianzhen Hong, Mary Ann Piette, Geof
Sawaya, Yixing Chen, and Sarah C. Taylor-Lang.
2015. "Accelerating the energy retrofit of
commercial buildings using a database of energy
efficiency performance." Energy 90: 738-747.
Li, Ziwei, Borong Lin, Shuai Lv, and Bo Peng. 2013.
"Optimizing the Building Form by Simulation - A
Parametric Design Methodology Study with
Proceedings of eSim 2018, the 10ᵗʰ conference of IBPSA-Canada
Montréal, QC, Canada, May 9-10, 2018

567
ISBN 978-2-921145-88-6

