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ABSTRACT
In this work, a novel multi-attribute system is proposed
for systematic rating of buildings or building systems.
The rating system, inspired by a Carnot-type efficiency
function, relates occupant comfort and energy use
intensity to actual, a baseline and an optimal design.
The optimal design is selected from Pareto optimal
designs given a multi-attribute cost function. This cost
function is maximized to obtain the baseline. This
methodology is applied to rate the HVAC system of a
mixed-mode ventilated office. The case-study building
has a platinum LEED rating, however, through this new
methodology it is shown that the hybrid system leads to
occupant satisfaction and energy use that is only 69%
of the optimal possible. Using this method permits
better trade-offs in design and operation of buildings
leading to long-term occupant satisfaction while also
ensuring lowest environmental impacts.

INTRODUCTION AND BACKGROUND
There are numerous approaches/brands for building
rating systems such as LEED, BOMA BEST, etc.
These systems are mainly based on a multi-criteria
checklist where the rating is simply a sum of points
associated with each item on the list. Although these
systems promote sustainability features in buildings,
there is no quantifiable relationship between the points
and sustainability aspects of the certified building
(Newsham et al.). An outcome of using such rating
systems can be a point-chasing exercise in the design
and/or construction phase of the building rather than a
rigorous approach to trade off the building’s
environmental footprints and occupant comfort. In

contrast, through adopting formal Multi-Criteria
Decision-Making (MCDM) methodologies, we can
deliver buildings embodying sustainability criteria
related to design, construction, operation and occupant
experience.
Many MCDM approaches have been reviewed in the
literature (Mela et al.). In these MCDM approaches,
either one solution is obtained given an objective
function or a set of optimum solutions are generated for
the decision makers. Examples of the first approach are
the Multi-Attribute Utility Theory (MAUT) method
and the outranking method. In the MAUT approach, a
utility function is defined as a function of different
desired attributes with given preference weights and
optimized to find the solution. Attia et al. used the
MAUT approach to design a net-zero energy house.
The objective function was a linear combination of
summer and winter indoor thermal comfort with equal
weights. Blondeau et al. used the MAUT approach to
find the optimum summer cooling strategy. They
looked at the effect of changing diurnal, nocturnal
ventilation rates and the air conditioning power. The
objective was a linear function of energy consumption,
indoor air quality and thermal comfort with equal
weights. The utility function can also be the product or
ratio of different objective functions. For example,
Petersen and Svendsen used cost per saved energy unit
as the utility function.
Another class of multi-criteria decision-making
approaches is the outranking method. This is often a
posteriori decision making where a number of options
are created first and then compared in different pairs.
Similar to the human decision making process,

different pairs are ranked and sorted to find a superior
solution given ranking criteria used in the pairwise
comparisons. Fontenelle and Bastos used this approach
to design an office window. They looked at three
criteria: visual comfort, daylighting level and energy
efficiency. Blondeau et al. also used the outranking
method to find a superior summer cooling strategy.

In this paper, first the methodology is explained. Then,
the case-study building is described. The results of
applying the proposed methodology to the case-study
building is presented followed by discussion and
conclusion.

The result of the MAUT and outranking methods
directly depends on the form of the objective function
and the given weights. It is possible to calculate the
optimum set of solutions without specifying any
weights. This set of solutions is called the Pareto
optimal solution set. Pareto optimal solutions form a
lower dimensional manifold in the multi-dimensional
space of the given desired attributes. Such a manifold
can be visualized for the decision makers to provide a
better understanding of the various options. Write et
al. used this approach with energy cost and indoor
thermal comfort as key desired attributes. Similarly,
Verbeeck and Hens obtained the Pareto optimal
solutions to trade-off between net present value and
total primary energy consumption of low energy
dwellings.

Every feasible and code compliant design reflects a
trade-off between environmental footprints and user
discomfort. Given a specific technology, an increase in
human comfort often results in higher environmental
impact. For example, increasing the room ventilation
rate results in higher energy consumption and carbon
footprint of the building. This is not the case if a better
technology is adopted such as having more efficient
fans. This trade-off is schematically shown in Figure
1. The possible designs are bounded by lower and
upper boundaries representing best and worst designs.
These boundaries are characterized by building physics
principles, technology and regulations on minimum
code-compliant designs. The lower boundary is the
Pareto frontier, which is the set of Pareto optimal
designs. A Pareto optimal design is the best design
given the level of assessment attributes (Environmental
Impact and Occupant Discomfort in this case).

Various computational algorithms exist for solving
MCDM problems depending on the MCDM approach
and the underlying physical problem. Machairas et al.
provide a review of these algorithms. In general, if the
design variables are limited, a direct search can be used
where all the different permutations are tried and the
optimum solution or Pareto optimal solutions are
obtained. This approach will become computationally
intractable as the number of design variables increases.
In such cases, genetic algorithm (Write et al. and
Verbeeck and Hens), particle swarm (Attia et al.) and
other derivative-free approaches are preferable to either
optimize an objective function or to find Pareto optimal
solution sets. GenOpt is an optimization toolbox that
can be coupled with various building performance
simulations tools and is widely used in this field (Attia
et al.).
In this work, a general methodology is proposed for
rating buildings or sustainability features of a building.
To the best of our knowledge, various MCDM
approaches are mostly used in whole-building design,
designing sustainability features or optimizing building
control. However, few papers discuss using MCDM
approaches to rate a building (such as Roulet et al.).

METHODOLOGY

Figure 1. Schematic area of feasible designs in a trade-off
between environmental footprint and occupant discomfort.

Having a building performance model, the above phase
space can be obtained by parametric simulation of the

model. In order to have a building rating score, one
needs to define a cost function (or a utility function). A
cost function is not a monetary valuation of the
building, but is simply an objective function that maps
the value of selected variables into a real number. The
minimum value of the cost function (or the maximum
value of the utility function) represents the optimum
design and the maximum value represents the worst
design. The actual design is between the worst and the
optimum design. The actual design can be the proposed
design or the as-built design depending on whether a
design or the actual as-built building is rated. Figure 2
shows the contours of a simple linear cost function with
equal weights:
𝑓 = 0.5 𝐼!"#$%&"'(") + 0.5 𝐼!"#$%&'%()

(1)

where 𝐼!"#$%&"'(") is the environment index.

Figure 2. Schematic of the optimum design, worst design and
actual design in an environment vs. discomfort map. The
lines represent the cost function contours.

The rating score proposed in this work is a “Carnottype” efficiency function representing the actual
design, optimum design and worst design:
𝑓!"#$!% − 𝑓!"#$%&%
×100
𝑓!"#$% − 𝑓!"#$%&%
𝐼𝑛𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
= 1−
×100
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐼𝑛𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
𝑅𝑎𝑡𝑒 = 1 −

(2)

The parameters in the above equation are schematically
shown in Figure 2. Unlike point-based rating systems,
this novel approach provides a systematic relationship
between different sustainability and comfort aspects of
the building. Furthermore, this approach is not only
based on a baseline and a proposed design; it also
requires an optimum design. Therefore, designers are
required to expend the additional effort needed to find
the Pareto optimal designs for building rating. This will
provide a better understanding for the decision makers
as they visualize and compare all available options.

CASE STUDY
The case study is a mixed-mode ventilation system in
the Center for Interactive Research on Sustainability
(CIRS) building. This four-story building has office
spaces for staff and researchers. The office spaces are
designed for mixed-mode ventilation. The office
block’s narrow floor plan allows for cross ventilation
with operable windows in the natural ventilation mode.
There are six office wings in total (two on each of three
floors) and they are all connected to one central AirHandling Unit (AHU). If occupants open more than
30% of the windows in each wing, the AHU supply
damper to that wing will close and that office wing
goes into natural ventilation mode. The environmental
impacts and occupant comfort performance of this
system is a combination of the underlying control logic
and occupant’s behavior in operating the windows. The
purpose of this work is to rate the actual performance
of this mixed-mode ventilation system and understand
the trade-off between environmental impacts and
occupant satisfaction using the methodology proposed
in the previous section. The environmental index is
defined as the normalized ventilation system energy
consumption. It is normalized with the maximum
ventilation system energy consumption in the
parametric simulation. The discomfort index is the
long-term thermal discomfort index:
𝐿𝑃𝐷 =

!
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(3)

where LPD stands for Long-term People Dissatisfied,
𝑃!""#$%&"' is the occupancy profile, 𝜏 is the study time
frame and 𝑃𝑃𝐷 is the percentage of people dissatisfied
calculated according to Fanger’s Predicted Mean Vote

A building performance model of the CIRS building
was created and calibrated with actual measurement in
a previous work using the IES-VE tool (Salehi et al.).
A detailed HVAC model was created for this building
using the ApacheHVAC module of IES-VE. The flow
through windows was represented by a simple outdoor
air infiltration profile in the dynamic thermal
simulation module of IES-VE. This model is extended
in this work by adding an airflow network using the
MacroFlow module of IES-VE. Three different models
are created to characterize the actual operating point,
the upper boundary and the lower boundary of the
Environment-Discomfort map of Figure 2.
The actual operation is represented by the calibrated
building performance model. There are approximately
250 windows in this building. Each window is
equipped with a sensor to record the open/close status.
Using this database, the proportion of windows open is
calculated and shown in Figure 3 as a function of
outdoor air temperature. To represent the occupants’
behavior in operating the windows in the building
performance model a Logit function is often fitted to
this data (Rijal et al. and Zhang et al.):
𝑝=

𝑒 !!!!!"#
1 + 𝑒 !!!!!"#

(4)

where 𝑇!"# is the outdoor air temperature and 𝑎 and 𝑏
are model constants. The fitted Logit line is also shown
in Figure 3. This simplified model is implemented in
MacroFlow module of IES-VE.
The optimum case is a mixed-mode ventilation system
where the ideal occupants open the windows only when
the outside temperature is favorable. Figure 3 shows
that when the outside air temperature is low and the
building is in heating mode, up to 30% of the windows
are still open. This is in part due to the occupants not
closing the windows when they leave the building.
Therefore, the optimum operation happens when the
windows are opened only if the outside temperature is
higher than the room heating set-point temperature.
Therefore, the proportion of windows open in this case
is a simple step function changing between 0 and a
maximum number between 0 and 1. This sequence of

operation is implemented in MacroFlow module of
IES-VE. The maximum proportion of windows open is
the control parameter. This control parameter is
changed in different simulations to obtain the lower
boundary of the Environment-Discomfort map.
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Figure 3. Window Operation and Logit fit in CIRS building.

In order to obtain the upper boundary in the
Environment-Discomfort map, a baseline model is also
created. This model is the calibrated model where the
mixed-mode ventilation HVAC system is replaced with
a simple mechanical ventilation system. The windows
are always closed and the office spaces are conditioned
by an AHU with heating and cooling coils. In this case,
there is no need to use an airflow network model. The
control parameter to obtain various values for energy
index and LPD is the cooling capacity and ventilation
rate. These two parameters are modulated to
characterize the upper boundary.

RESULTS
Parametric simulations of the optimum and baseline
models described in the previous section are performed.
The results are shown in Figure 4. This figure also
shows the actual performance of the HVAC system.
According to these results, the occupants’ operation of
the windows results in approximately 4.3 kWh/m2/year
energy loss compared to the optimum case with similar
LPD. This is due to occupants opening the windows
when the outside air is cold or leaving the windows
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open over night. On the other hand, Figure 4 shows
that the actual LPD is close to the optimum LPD.
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The above rating score clearly depends on choice of the
Environmental Index, Discomfort Index and the cost
function. More comprehensive indices can be defined
for the environment index such as life-cycle energy
consumption and life-cycle CO2 emissions. The
discomfort index in this work is limited to the thermal
comfort calculated according to Fanger’s PMV-PPD
formula; other attributes such as indoor air quality and
acoustics can also be included in the discomfort index.
Also, it is recommended to use a standard occupant
survey to validate the discomfort index. In general, in
order to use this methodology for rating different
building, the two indices and the cost function have to
be regularized.
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Figure 4. Parametric Simulation Results

The HVAC energy consumption is normalized to
obtain an environment index and the results are shown
in Figure 5 along with the cost function contours. The
cost function is chosen to be a linear combination of the
environment index and the discomfort index with equal
weights. Given this cost function, the optimum and
worst operating points are also calculated and shown in
Figure 5. Using these points and the actual operating
point, one can calculate the rating score for this HVAC
system using equation 2:
𝑅𝑎𝑡𝑖𝑛𝑔 = 69%

CONCLUSION
In this work a methodology is proposed for multicriteria assessment of a building or a building system.
The methodology is applied to rate a mixed-mode
ventilation system in an office building located in a
mild climate. In this methodology, Pareto-optimal
designs are generated in an Environment-Discomfort
map using parametric building performance simulation.
A similar parametric simulation is performed using a
baseline model. These simulations characterize a lower
boundary and an upper boundary in the EnvironmentDiscomfort map where all possible designs are in
between. Showing the actual performance on this map
gives a visual understanding of the actual performance
compared to the optimum and baseline designs. By
defining a cost function (or a utility function) one can
find the best and worst designs on this map. The value
of the cost function for these two designs along with
the as-built design are used in a Carnot-type efficiency
function to give a single number for rating the mixedmode ventilation system in the case-study building.
This rating system allows the operational logic of the
building HVAC system to be explored further in search
of better trade-offs between occupant comfort and
energy efficiency. For example, the 30% threshold of
open windows, as the trigger for damper being closed,
is an arbitrary value. This threshold can be optimized
given the climate and behavior patterns of the
occupants.

Figure 5. Environment-Discomfort map for the mixed-mode
ventilation HVAC system.

Clearly, having occupants close windows is as
challenging as having them turn off lights. As we learn

to make buildings more satisfying and less impactful,
we will need to use more nuanced rating systems, such
as the one proposed here, to learn about the trade-offs
and interdependencies between different building
systems and improve their design and operation.
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