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Abstract

Energy delivery to households can count up to 50% of primary energy consumption in the United
States. As proactive response to this classical engineering sentiment, much efforts made to address this
energy delivery process, however, have one one caveat in common: targeting at conditioning only air,
despite it being a proxy of occupant comfort. What if we rethink the process of how we delivery energy
to ensure that occupant comfort is achieved rather than specific air condition is provided? The proposed
dissertation offers an examination of the premises and feasibility on reconditioning the energy delivery for
occupant comfort, potentially validating a fundamental change of how energy should be delivered. Looking
at potentially including the thermal comfort as a final goal for energy delivery, it is significant to understand
what is the underlying potential and consequences of a different look at the energy delivery chain. To better
understand the relationship between the energy delivery chain and the thermal comfort of the occupants,
proposed projects asks three questions: how would this affect future energy delivery designs, how can we
include occupants back to our control loop and eventually, how would we redesign our current delivery
chain with new objective concentrated on occupants. To put this into project-specific context, three major
projects with their respective follow-up projects will investigate the three questions with a feasibility study
of geothermal energy sourced from existing oil/gas boreholes, radiant temperature sensing and analysis of
occupant comfort, and Sankey diagrams for existing exergy delivery system. Proposed dissertation would
offer an examination in full spectrum the existing energy delivery system’s potential to be re-conditioned for
the comfort of the occupants for a potentially fundamental change in how we understand space conditioning:
this might be incredibly significant as we might be able to rearrange the entire energy supply chain with
ever-more challenging energy outlooks.

1 Introduction

Exergy Concept is devised to measure the usability of energy and was found to be particularly helpful to
model the mass flow processes with respect to energy utilization. This is inherently the weakness of the en-
ergy concept, since no energy can ever be actually consumed or destroyed per the 1st law of thermodynamics [31].

To explain the exergy concept in a better context, the same amount of 100kJ of energy can be stored in
either a tank of warm water in the form of thermal energy or in a battery in the form of chemical energy.
The prior can hardly be used to anything else beyond washing hands with thermal energy it contained, while
the latter can be used to powering electronics perform a range of tasks including and not limited to lifting of
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Figure 1: Energy utilisation in building services equipment, the modeling method for the pre-design tool. The
energy flows are shown from source to sink, in accordance to DIN 4701-10, modified [27]

objects, emitting light, as well as being converted to thermal energy [26].

With respect to the examples of high exergy supply for low exergy usages, a good example would be using
steams to heat provide radiant heating through radiators, as is 518 million square feet of conditioned office
spaces in NYC [1].The steam leaving the New York City power plants could be as hot as 250 degree celsius, yet
the required temperature at the consumer end (or the design criteria), is usually only 90 degrees celsius, that
is up to a total of 64% loss of energy. One may argue that the loss is inevitable along the distribution line, but
by using less exergy intensive means of supply such as decentralized heating systems, the same end could be
achieved since the rate of heat loss will be significantly smaller due to a smaller temperature lift, which formed
the basis of IEA Annex64 workshop later on [28].

LowEx Design Low exergy design of systems was the answer to this problem from the European community
planners. Also an early adopter of district heating like the NYC, still is using steam as the media for heat
transport to commercial buildings around the city until now, with extreme heat loss along distribution lines
switched from steam-supplied radiators to low temperature radiant floors and thermally activated building com-
ponent [20] [18], and is currently supplying at an even lower temperature to building components at a supply
temperature of 70 degree celsius.

And yet, even these approaches did not quite manage to stop the complaints in the realm of thermal comfort.
According to Wagner et al., the satisfaction rate in offices is in fact relatively low in countries that are early
adapting countries such as Germany [35]. The uproar of unsatisfied office environment has not stopped as
according to Kim et. all in 2013 [17]. This seems to indicate that there would have been a fundamental error in
how we condition buildings all along, but what really was it? The following image from the work of Dr. Dietrich
Schmidt might give a hint: Note that at the end of the chain, the delivery aims at the room level, supposedly
providing for the condition inside the room, but is that really what we are delivering for?

IEQ, or IAQ There has been no lack in the proposition of criterium to measure the environment created
with the energy delivered. Indoor Environment (IEQ) and Indoor Air Quality (IAQ) are two concepts that
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appears to be interchangeable to many engineers from time to time despite the prior refers to the environment
while the latter refers to the state of air supplied to the room. Kim et. al adeptly identified the latter as a
dimension of the prior, which includes also thermal comfort, acoustics and lighting [12].

And yet, many studies are pointing to the possibility of these dimensions influencing one another towards
the perception of comfort towards the occupants and cannot be isolated.

The relationship between the two concepts is also a nice reflection of our current practices where ’condition-
ing’ is often mistaken as ’air-conditioning’. Predicted Mean Vote (PMV) model from Fanger’s work in 1970 is
indeed the most common indicator of analytical expression of indoor environment [7]. Yet the concept itself is
comprised of not only the condition of air (air temperature, humidity and air velocity), but also the condition
of the surrounding environment of occupants (mean radiant temperature, metabolic rate and clothing factor).
A more careful examination of how it is being used raised interesting question marks.

The New York Times raised a good inquiry about the base metabolic rate in 2015 by publishing a paper
that questions the existing metabolic rate’s adaptive conditions, claiming it only works for 40-year-old men
weighting 154 pounds, which is only a fraction of the occupants [3]. Admittedly the article’s approach may
not be scientific enough (as it was not well-informed on the original PMV model’s development), but the
phenomenon that instigated its writing is undeniably interesting.
Nearly if not more interesting, is what one may find when looking at the education that was being carried out
by the engineering textbooks on the concept of mean radiant temperatures. In the ”Mechanical and Electrical
Systems in Architecture, Engineering and Construction” by Wujeck & Dagostino, 4th edition in 2010, the
equivalency between the air temperature and the mean radiant temperature of 1:1.4, a connection that was
redacted from the ASHRAE Standard 55 since 1972 [36] [23] [24].

Going back to occupants Instead of trying to describe the physiological and psychological responses of
occupants, many researchers turned back to the occupants for a more deterministic answer. The most popular
method at this point is usually Post Occupancy Evaluation, where the occupants are invited to participate in
surveys to provide their responses to the thermal environment inside their own rooms. Preiser defined POE as
a ’diagnostic tool and system which allows facility managers to identify and evaluate critical aspects of building
performance systematically’ [22]. Much success have been achieved by using the POE as a diagnostic tool to
improve or retrofit existing buildings or ensuring the performance of new energy efficient buildings. However as
according to the observation of Hadjri, there’s always a capital cost associated with the execution of POE [13],
and it only provides feedback for the duration of the study and at an expense of interrupting the workflow of
the occupants. So does this mean we are also at a loss of ways to continuously determine the thermal comfort
conditions of occupants?

State of the art thermal imaging might give us a second chance. According to two recent studies from
Cambridge, U.K. and Connecticut, U.S. [25] [8], it is possible to combine Thermalgraphic imaging with estima-
tion of thermal comfort through stochastic data analysis. By using a larger dataset to ’train’ the model for the
thermal comfort condition of occupants, Ranjan and Scott was able to establish that it is possible to establish
a more direct link between the thermal comfort of occupants without interrupting the routine of the occupants.
And yet, both experiments still work with steady state diagnostics and cannot be tied back into the feedback
loop of BMS systems.
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2 Background

2.1 Thermal Comfort in United States

The history of the evolution of how we set standards for thermal comfort is not very long compared to how long
we have had conditioned spaces: one of the earlier documented case came from Ellsworth Huntington (CITE21),
who acknowledged a great challenge that the colonization faced was the adaptation to the tropical climate in
1905. Despite its apparent effort to legitimize imperialism [15] , Huntington accurately noted the link between
productivity and thermal conditions in the workplace [30]. This essentially marked the nod towards houses,
following clothes, to becoming shields that can be tempered with heat-control mechanisms to reach desired state
for occupants [4] . In order to decipher how to reach this desired state, however, scientists as well as engineers
have came up with a large collection of models to describe thermal sensation of humans from environmental
factors.

Despite the term ”air conditioning” was coined as early as 1907 by Stuart W. Cramer, the first commercial
air conditioner was not produced until 1914 and was too humongous to be used in average households . The
first window air conditioner invented by H.H. Schultz and J.Q. Sherman [9] arrived as a home-ready solution
in 1932 and soon gained attention from the engineering community despite the depression and the World War
II to follow, essentially triggering the publication of a ’Code of Minimum Requirements for Ventilation’ from
ASHVE (American Society of Heating and Ventilation Engineers). The ’Code’ was merely three pages, and yet,
despite its lack in terms of physical length, was the first in the Untied States to define ventilation in terms of
thermal comfort. The metric the ’Code’ used for this was the concept of ’effective temperature’, as proposed
by Houghton and Yaglou (Cite?) in 1923. It is unclear what triggered the selection of effective temperature
among the available indexes that have been proposed up until the ’Code’ was being written, although ASHVE
was one of the sponsors for the Houghton and Yaglou studies according to the publication.

The aforementioned society, ASHVE, was already in heated conversation of a merger with ASRE (American
Society Refrigerating Engineers) in 1938 and the two successfully merged in 1954 after World War II and became
ASHRAE(American Society of Heating, Refrigerating and Air-Conditioning Engineers) . During the transition
period, Planck’s work [21] not only marked significant development in modern heat radiation theory, but also
heavily influenced disciplines outside theoretical physics. HVAC engineers now have better analytical models to
account for the heat radiated to human bodies than their previous empirical methods: the kata-thermometer
(1922) [14], the Eupatheostat from Dustin (1930) [5] and globe thermometers(1938) [11]. Barker in 1930 [2]
termed the concept of mean radiant temperature from physics to understand how to describe the radiant heat
from the surrounding is transferred to the receiving body. ASHVE quickly absorbed this in 1945 [6] as a
method to denote the average temperature of the boundary surfaces of a room. Barbara Tredre, along many
other researchers, understands that the MRT is a valid metric to describe the heat load from the surrounding
towards the occupant, but couldn’t seem to reach consensus on exactly how to link this to thermal comfort [33].
ASHRAE tried to provide a possible answer by publishing a ’Standard for Occupant Thermal Comfort 55-66’
(abbreviated as Standard 55-66 for future reference) by pointing out:

This claim was soon debunked by researchers trying to reproduce the equivalency with more test condi-
tions [7], whose research revealed relationship between not only just dry bulb temperature and mean radiant
temperature, but four more variables: air velocity, relative humidity, metabolic rate and clothing factor. Fanger
et al. hence proposed a new metric, the Predicted Mean Vote as a metric that produces simulated thermal
response from occupants for a given physical environment.
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Figure 2: Definition of mean radiant temperature and the inclusion of MRT-dry bulb air temperature equiva-
lency.

2.2 Low Exergy Energy Delivery Systems

As was briefly discussed in the introduction section, enthusiasm to improve both the energy efficiency for both
buildings and communities has been fairly high in Europe. This was further enhanced by the establishment of
the International Energy Agency (IEA) in 1974 and Energy Conservation in Buildings and Community Systems
(ECBCS). In 2005, researchers from 22 institutions and companies and universities from 12 countries joined the
three year international research project known as the ECBCS Annex 49. Despite different background and
expertise, the main objective of the collaboration was to develop concepts for reducing exergy demand in the
built environment, thus reducing the CO2 emissions of the building stock and supporting structures for setting
up sustainable and secure energy structures for this sector [32]. This research collective is one of the very first in
the building stock research community to recognize the inherent limit of the maximum fraction of heat available
for delivery is governed by Carnot efficiency, also known as an early form of the 2nd law of thermodynamics.

ηCarnot =
W

Qhot
=

Qhot

Qcold
=
Thot − Tcold

Thot
(1)

And should the only energy change between states is heat, the useful part of supplied from the heat source
can then be defined as exergy:

Ex = QhotηCarnot = Qhot
Thot − Tcold

Thot
(2)

So what does this mean for an exergy approach for low exergy building designs? As was identified by the
Annex 49 report, most of the energy sued in the building sector is required to maintain rooms at approximately
20 degree Celsius. Indeed, different levels of energy quality may be needed by different system components
in buildings, as demand for hot water alone could vary for shower and hand washing. Yet the energy supply
structure we have does not reflect the sophisticated energy demand, supplying all demands with thermal energy
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at a constant value(i.e. burnt from fossil fuels). The exergy approach was therefore adapted to reconstruct the
thinking behind energy supply systems to cater to the different levels of energy demands. The IEA furthered
the discussion of exergy analysis in communities with an Annex 64 - LowEx Communities as an attempt to
rearrange how energy, or more explicitly exergy should be supplied for targeted level of performance in buildings.

The investigation of the exergy collective have achieved also unexpected turnouts in re-understanding thermal
comfort, where Shukuya et al. observed that thermal comfort can be correlated with the minimum exergy
destruction of human bodies. This finding was verified and supplemented by the work of Many, Wu and Simone
to further work on improved models of quantifying the exergy consumed by human bodies. Setting aside the
discrepancy between the proposed models to account for human exergy consumption, this is a major step beyond
how comfort can be quantified beyond the adaptive thermal comfort models which remained loosely based on
the PMV model Fanger et al. developed in 1972.

3 Problem Statement

Engineers and researchers are not well-informed enough with examples showcasing the advantages of the exergy
analysis. Hence a first instinct address this problem is to show how or why we should be using the exergy
concept with a comprehensive and succinct demo Using a Sankey diagram- or any infographic ways of showing
the differences between exergy and energy in real instead of analytical settings became the first problem this
dissertation would like to tackle. Visual comparison between exergy and energy will very likely show that the
quality of energy- which can be loosely categorized as exergy- is likely to demonstrate to beyond the exergy
research community the advantages of exergy analysis.A major challenge for this could be determining the level
of customizable system components that a exergy/energy Sankey demo tool would require.

The state-of-the-art research on understanding the occupants comfort does not allow occupant reaction as
an input variable. Occupants have and will very likely remain the eventual aim of energy delivery systems for
buildings. Obtaining real time surface temperature measurement of both the occupants and their surrounding
environment could provide valuable information for system feedback without intrusion of privacy and thus loss
of productivity. Even with more cutting-edge understanding of low exergy energy delivery system from the IEA
Annex64, the aim of energy delivery as providing the exergy to condition the room rather than the occupant. A
BMS system that allows us to look at both the IEQ and the thermal responses from the occupants as feedbacks
to the control could provide answers to the second problem that this dissertation would like to address. Lever-
aging the increased technical capabilities of sensing and control that could allow comfort-based control instead
of air-based control based on a system that not only look at the interior surfaces but also the responses of the
occupants.

To better address the possible shift in the paradigm of energy delivery designs could recreate new research
topics for optimized exergy delivery. If we are to change existing exergy delivery chain for humans rather than
room conditions, how would that affect new resources? This leads us eventually to the ultimate question that
this dissertation feels deserves most attention for future system designs: Can and should we rearrange the energy
delivery to deliver comfort with significant reduction in primary energy demand?

The proposed dissertation targets the entire energy delivery process for buildings to be adapted to ensure
the occupants’ comfort rather than its proxy, the air. As with existing methods that are being used to measure
the metabolic rates on occupants requires intrusive measurement that will very much likely to intrude on work
being conducted by the occupants.
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This will be done building on current research in the fields of LowEx district systems, radiant sensing as
well as stochastic analysis to assess the feasibility of the proposition to recondition the energy delivery chain
for occupant comfort, which would in all likelihood redefine the supply chain from Figure 1 to Figure 2: The

Figure 3: Supply chain re-conditioned for human comfort

proposed investigations have the potential to be influential with respect to understanding the existing energy
delivery systems, providing a new tool, and ultimately a new angle to consider during decision-making.

Thus, it becomes possible to perform optimization for the energy delivery system to be further analyzed, but
also quantifying new renewable primary energy sources. Two possible approaches of harvesting the geothermal
energy will be analyzed and compared against existing renewable primary energy sources and each other to test
both their usability and functionality as potential primary energy sources on minimizing the energy destruction
during the process.

4 Proposed Methods

To better examine the problem stated, three major projects(and their respective follow-up projects) will be
explored with methods ranging from analytical to experimental across architectural, mechanical and computer
engineering disciplines. More specifically within the context of the following projects, the rationale of choosing
the specific methods to conduct the examination can be found as the following:

4.1 Project 01 Sourcing geothermal energy from existing boreholes

Starting with this project the focus will be turned to the interchangeable components of renewable primary
energy - geothermal energy in this case - to provide sample case studies of how the new energy delivery concepts
could influence the overall system thinking and decision-making. In this particular project, a novel idea of using
existing oil/gas boreholes to harvest geothermal energy to provide district heating is investigated.

From a scientific point of view, the proposed project is challenging since many technical problems needs to be
taken into account for a comprehensive feasibility study: heat exchange between boreholes and ground in terms
of different heat exchanger type, heat loss along distribution pipe -especially with varying depth of distribution
pipes buried with different elevation profiles as well as possible integration of heat pumps whose reverse valves
allows for both heating and cooling-thus allowing the boreholes to not only supply but also receive thermal
energy. All those aspects combined makes a compelling case study of one borehole and yet this may has to be
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Figure 4: Supply chain re-conditioned for human comfort

done for tens and thousands of boreholes to determine the best location for proposed technology. That could
be more than 60,000 boreholes in Pennsylvania alone. How to do the analysis more efficiently while accurately
becomes a very enticing research problem.

At an engineering level, it would also be very interesting for the project to initiate conversation with drilling
companies to understand how the drilling of geothermal wells could potentially cost at depths that provides rel-
atively satisfying direct heating temperatures in constraints to the depths that requires additional heat pumps.
Furthermore, it might also be possible to investigate -from a geotechnical point of view - oil/gas fractured
wells are inherently different from geothermal wells. Although the dissertation may not end up flowing in this
direction, it would be interesting to see how these differences could be influencing the geothermal energy that
are being harvested.

On the environmental side, the proposed feasibility study could also brings attention to existing engineering
practice of how the decommissioned boreholes that no longer in production of oil/gas should be treated. State-
of-the-art practice uses concrete to seal up those boreholes, but had been found to be relatively inadequate
to prevent GHG leakage [?]. The proposed project provides an opportunity to reclaim the toxic water poured
into the boreholes for hydraulic fracking. These environmental benefits can not only be conceptually verified,
but could potentially bring revenues through carbon credits - which is also an interesting angle that could be
investigated.

The potential available within the known oil/gas wells will first be plotted via the ESRI ArcGIS suite and in-
terfaced with python by Python for ArcGIS to calculate more specific heat loss along the distribution networks.
Although it might make sense to use heat loss estimation from district heating providers, using more robust
analytical/numerical methods would very likely to provide not only a more reasonable estimate of temperature
availability range but also allow estimate of the distribution network costs with respect to the geographical
conditions that could be added as additional layers to the existing maps.

The technical merit of this project will first and foremost be the clean and (relatively) free energy that we
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can harvest from readily available boreholes. From a scientific standing point, this

4.1.1 Follow-up Project 1A Carbon Sequestration in conjunction with geothermal harvesting

With increased demand of carbon emission mitigation technologies front the international communities and the
country itself, the increased interests towards mitigation technologies that could potentially decrease its carbon
footprint is becoming of increasing interests to the Chinese government. Within this context, it is possible to
push Project 03 further to use instead of water, but rather CO2 as working fluid to perform heat exchange thus
achieving free heating while receiving the additional benefit of carbon sequestration through an open system.
The most apparent challenge would be the costs that is with the proposed system. Before going down the path
of dedicated effort to acquire more accurate quote for an actual system, it would be of great interests to start
the discussion of whether it would be ideal to perform a more comprehensive analytical study to estimate the
potential of a carbon storage through mathematical modeling within China (or at the very least the northern
part that is already benefiting from district heating) by estimating the payback time in terms of not only carbon
mitigation, but also potential savings for the heat supplied without resorting to fossil fuels.

4.2 Project 02 Radiant Sensing for building management systems

This project is proposed to develop a fast and reliable sensing platform for the mean radiant temperature sensor
that will be powered by the algorithms that combines the radiant surface temperature and the spatial coor-
dinates, generating a 3D radiant temperature map. This map can then be triangulated for the mean radiant
temperature for any specific location in the space investigated to provide a better understanding of the existing
radiant environment.

This will build on the existing Spherical Motion Average Radiant Temperature (SMART) sensors and pro-
vide improved performance by using the LIDAR range finder with range of accuracy increased to up to 40
meters, allowing the outdoor environment to be included as viable fixable.

On the data processing front, the two major challenges are storage and communications, where the amount
of data points could be too large to be processed over the cloud on the fly but could be aggregated and published
to ports that are listening as csv files via bluetooth.c

The more fundamental importance of this project is the possibility of reshaping not only the understanding
of the indoor, but also the outdoor as our computing capabilities allows all the MRT at body level to be calcu-
lated to provide a better evaluation of urban canyons comparing to conventional methods where only MRT at
the location of the sensor itself regardless of it being a globe thermometer or an actual radiant sensor.

This project will very likely add to the existing research of radiant thermal imagery in understanding and
diagnosing the radiant environment and can be used to further verify thermal comfort with the follow-up project
to correlate thermal comfort- which remains to be unsubstantiated according to a 2017 publication [16].

4.2.1 Follow-up Project 2A Realtime correlation of thermal comfort with thermal imaging

The focus of this follow-up project will be developing a thermal imagery system that is dependent on the ther-
mal images obtained from the sensor in Project 2. Based on existing studies as cited in the introduction for
thermal imaging, it is possible to correlate thermal response with thermal images. Thanks to the increase of
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computing power and the development of deeper learning capabilities during the last decade, possibilities have
already surfaced to use thermographic imaging to help achieve thermal comfort. Ranjan & Scott found in 2015
that in at least 40% of the conditions it studied that less energy could have been invested into providing thermal
comfort. This conclusions was reached by producing algorithms that dynamically estimates the occupants’ real
time thermal preferences using thermographic imaging and stochastic analysis.

This project aspires to push the discipline further by investigating the possible correlation between the
skin temperatures and the possible vasoconstriction and vasodilation. Following the example in the Ranjan
research, this experiment will use both the thermographic imaging techniques in the Ranjan research and using
the SMART sensor developed in Project 02. Thermal cameras will be placed in front of two occupants while
going further to estimate the thermal performance through surveys. This would allow the hypothesis in the
Ranjan research to be re-validated and compare against possible correlation between skin temperature and
thermal comfort. To maintain comparability with the Ranjan research, the proposed project will follow a
similar time frame of 5 weeks of testing in an open office working environment (preferable Andlinger Center
of Energy and the Environment Room 020 with relatively constant occupant profile), which could potentially
update the Sankey-supported diagram in Figure 2 to Figure 3:

Figure 5: Supply chain re-conditioned from radiant measurement for human comfort

4.3 Project 03 Sankey Diagram Simulated for Exergy and Energy Delivery

A major disadvantage of existing exergy research is its limitation in audience - those who appreciate this concept
are already working on it, and those who don’t rarely see any cases of it. Tsatsaronis identified this problem as
engineers are not privy to the benefit of the exergy evaluation and optimization process of thermal system could
use their intuition and creativity as opposed to a formal optimization procedure whose how and why the results
were obtained [34]. To emphasize on the granularity of this problem, it is important to establish a demonstrative
tool that relates to something that engineers are already familiar with - in which case we choose the Sankey
Diagrams that are favored by the Department of Energy as in Figure ?? to show the breakdown of both exergy
and energy against each other to instigate discussion and understanding among the engineering communities.
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The directionality and the amount of energy shown in the Sankey diagram is important and crucial to getting

Figure 6: Supply chain re-conditioned for human comfort

the bigger picture of the status quo of energy usage in the United States. This is however even more important
for exergy usages, as it better illustrate the opportunities lost due to the loss of usable energy capped by the
Carnot efficiency for any heat exchange happening between heat source and heat sinks as per Equation 1.

Our understanding towards the energy delivery system came from abstract drawings as well as quantitative
plots such as in Figure 2. Sankey diagrams have been used by the Department of Energy to illustrate the energy
usage in the United States since the beginning of the 21st century and has an overwhelming benefit when it
comes to visualizing the losses along system components. As the low exergy concept would like to emphasize, it is
necessary for us to understand how much energy and exergy is required and how much is being provided at each
link of the supply chain, using Sankey diagram to showcase the evolution of exergy becomes an definitive choice.

Building on existing attempts to perform steady state exergy analysis for a building system that operates
under design operation conditions, this analysis is performed on the assumption that it is possible to broadly
categorize the existing production, distribution and utilization of energy to supply for buildings down to the
room level and associate this back to the comfort of occupants by citing the Shukuya and Mady exergy destruc-
tion minimum model [29] [19].
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In terms of the visualization part, there are two possible options that are currently being pursued, not
excluding possible further changes. The first option being using the Processing environment to allow user it
put and provide visualized output relatively easily. Admittedly this inherently has the weakness of the amount
of customizable user inputs: Too many input slots would essentially eat up the space to present graphics, while
the contrary limits the level of customizability for more engineers. However, using Processing environment does
allow the benefit of a straight forward export to Javascript that lower the barrier for web tool publication.

Another option would be using iPython hosting capability on GitHub to provide a static page on existing
generic building conditions that can be downloaded hosted and changed by allowing on-page modification- which
could allow better open-source support but still could be challenging with the amount of details at different
state of the system.

4.3.1 Follow-up Project 3A NLP-based optimization

Based on previous efforts of examining the possible relationship between the thermal conditions to optimize the
low exergy district systems. Existing low exergy district systems, despite their decentralized nature, usually
only have one design operating condition associated before actually initiating a model. Building on the work
of Floudas et al. of automatic generation of heat exchanger network, it is possible to scale up to the district
level allowing automatic generation of working conditions [10]. The concept of nonlinear programming (NLP)
formulation to generating a network configurations for heat changers. Despite at a different scale, this follow-up
project willl demonstrate the attempts made to use the algorithm to generate a low exergy heat distribution
network:

A set of heat sources H that is available and a set of heat sinks that must be heated are given. With
fixed heat capacity flow rates and inlet/outlet temperature specified for the streams, it is possible to include
auxiliary heat source and heat sinks to achieve a network configuration that minimizes the investment costs of
heat exchangers (distributions infrastructure and heat exchanging equipment) while satisfying the criteria of
minimum utility costs and minimum number of heat exchanger units.

More specifically outlining the strategy, the generation of the network configurations will involve the following
steps:

1. The minimum utility cost and the location of the pinch points are predicted via linear programming
transshipment model, which can facility the temperature range of the streams to be further divided.

2. Fewest matches for each subnetwork is solved with the MILP transshipment model, providing information
on the set of matches that must take place and the amount of heat that must be exchanged.

3. Superstructure derived for each subnetwork, containing unknown stream connections which may define
series and/or parallel arrangements as well as stream splitting and bypassing.

4. Superstructure for each subnetwork is formulated as a NLP problem whose solution will provide the
network configuration with appropriate stream connections as well as their flow rates and temperatures.

5. Final configuration achieved by adding the configurations of each subnetwork.

This optimization would go beyond the existing low exergy system at distribution level by enabling optimization
at a distribution network level, which could be a big challenge for the United States to overcome since the
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suburbs are usually scattered across a large area, rendering the notion of a district heating system hard to
model - especially a low exergy one.

5 Overview of Chapters

The actual chapters in the final dissertation will likely be the following with possible changes caused by different
turnouts of different projects.

1. Introduction

(a) Exergy as a concept

(b) LowEx System - are we targeting the right end?

(c) Our understanding towards what is being ’conditioned’, between the Indoor Environment Quality
and Indoor Air Quality

(d) Quantifying the Radiant Environment

(e) Quantifying thermal comfort with thermal imagery

2. Background

3. Proposed Projects

(a) How are we supplying energy for occupants now?

i. Project 1 Visualizing existing exergy supply chain to occupant comfort

ii. Project 1A District Energy Delivery Reconfigured through Optimization with Nonlinear Pro-
gramming Formulation

(b) How can we loop the occupants back to our control loop?

i. Project 2 Plotting Radiant Environment with SMART sensor

ii. Project 2A Radiant Imaging Correlated with Thermal Comfort through stochastic analysis

(c) How would we think of future energy delivery

i. Project 3 Geothermal energy harvested from non-operational oil/gas wells

ii. Project 3A Carbon Sequestration alongside geothermal energy harvesting, a case study in China

4. Discussions and Potential Future Works

5. Concluding Remarks

What might be necessary to point out here is that these chapter arrangements are temporary and will likely
depend on the turnout of the proposed six projects, and would therefore subject to future changes.

6 Future Work Plan

To approach the proposed projects and ultimately the overarching research hypothesis, the following work plan
is devised to put the investigation in a more time-specific window. The works are planned with a potential span
of 2 years from 2017 to 2018, aiming at a final defense by the end of 2018. The proposed timeline is illustrated
with the following Gantt Chart:
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Figure 7: Gantt Chart for Future Work Planning, Golden Stars indicating potential journal publications
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