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Preface

This book presents research on energy self-sufficiency for buildings, focusing on 
HVAC solutions and their energy systems.

As technology continues to advance, the construction of buildings has become 
increasingly complex and technologically advanced, similar to the automobile and 
aeronautics industries. In light of the current COVID-19 pandemic, there is a pressing 
need for novel solutions to address the escalating technological demands in build-
ings. This leads to the question of whether traditional HVAC systems will suffice or if 
alternative methods must be considered to tackle these new challenges.

The near future is set to be revolutionized by disruptive technologies such as hydrogen 
fuel cells, polygeneration of energy, second-use electric batteries for energy storage in 
buildings, and 3D printing being extensively employed in construction. As a result, it 
is crucial to contemplate how HVAC system managers will adapt to these innovative 
advancements.

The book starts by examining research on waste heat recovery from heat pumps. 
Experimental data is used to validate the proposed model, which shows that waste 
heat can be utilized for water heating without disrupting the heat pump cycle, making 
it suitable for bathing and cleaning. Chapter 2 discusses the application of artificial 
intelligence in air conditioning systems to resolve typical office issues, showing signif-
icant energy savings. Chapter 3 discusses the challenges of reclaiming thermal energy 
from cryptocurrency mining. It presents an innovative heat recovery system and 
demonstrates its results. Chapter 4 proposes a new heating solution for retrofitting 
existing steam heating systems and for new installations in high-rise buildings. The 
book concludes with Chapter 5, which discusses an indirect evaporative cooler that 
uses a unique operational setup, making it adaptable to various weather conditions.

César Martín-Gómez
Department of Construction,

Building Services and Structures,
University of Navarra,

Pamplona, Spain
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Chapter 1

Numerical and Experimental Study
of the Heat Pump Water Heater
with an Immersed Helical Coil Heat
Exchanger
Sami Missaoui, Zied Driss, Romdhane Ben Slama
and Bechir Chaouachi

Abstract

Traditional water heating and cooling methods consume a significant amount of
energy. Heating and cooling were also significant contributors to CO2 emissions.
Based on several previous studies, heat pumps are an economical solution because
they reduce the energy consumed for water heating and the carbon dioxide emissions
compared to conventional electric resistant water heaters, gas boilers, and so on. As a
result, this chapter presented research studies on waste heat recovery from heat
pumps’ immersed helical condenser coils for domestic hot water production. In this
work, the three-dimensional geometry of the storage tank with immersed helical pipe
heat exchanger was simplified to two-dimensional axisymmetric geometry and the
numerical investigation was conducted with using computational fluid dynamics
(CFD) commercial software. The variable heat flux from the condenser coil was
considered to heat the water in the tank under laminar flow regime. The proposed
model was validated with the experimental data and agreed very well. According to
the obtained results, the outlet heat flux tended to the decrease with an increase of the
heating time. Also, the outcomes indicate that the waste heat can be used for water
heating utilized for bathing and cleaning without affecting the heat pumps cycle.

Keywords: heat pumps, heating, cooling, thermodynamic parameters, heat recovery,
helically coiled pipe

1. Introduction

Energy consumption for domestic hot water production is on the rise in both
residential and commercial buildings nowadays. Water heaters have traditionally been
equipped with traditional heaters that generate heat by consuming fossil fuels,
electricity, wood and oil. All of which are undesirable in terms of greenhouse gas
emissions and energy consumption. As a result, the coupling of a heat pump system
with a water tank is currently a viable recommended approach for water heating as a
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substitute. Because of its excellent energy efficiency, simple operation, low cost, and
environmental friendliness, many academics have been interested in heat pump water
heaters (HPWH). Missaoui et al. [1] numerically investigate the HPWH with helically
coiled tube heat exchanger. The results indicated that when the copper coil pitch is
20 mm, the water velocity increases and reaches its maximum in the middle part of
the tank. Qiang and Shuhong et al. [2] carried out a numerical investigation on the
performance of HPWH with wrap-around condenser coil. The results indicated that
the heat transfer coefficient of variable pitch coil was increased by 21.91% compared
with constant-pitch coil. Missaoui et al. [3] conducted an experimental and numerical
analysis of a helical coil heat exchanger for domestic refrigerator and water heating.
The results indicated that after 5 hours of heating the average coefficient of perfor-
mance of the refrigerator domestic coupled with water heating process, the variable
pitch coil was increased by 16.17% compared with normal coil. Zhou et al. [4]
conducted a study on geometric parameter of a wrap-around condenser for a water
tank with 200 L capacity. The results indicated that the pipe parameters such as
location, turns and spacing have direct effects on the performance of the HPWH. Sami
et al. [5] experimentally validated the mathematical model of the domestic refrigera-
tor for water heating. The results indicated that the domestic refrigerator can be used
for hot water production without removing its main role.

The goal of this project is to create a device that can take use of the waste heat
produced by refrigeration equipment and use it for home functions such as bathing,
laundry, and cleaning.

2. System description

A schematic diagram for the water heating system is shown in Figure 1. The air
conditioning with domestic hot water production is mainly composed of a water
heating system and vapor compression cycle, including compressor, water tank with
immersed condenser, an expansion valve and evaporator. This system is based on the
same principle of vapor compression cycle. But, there is a small change in the con-
denser. The conventional heat pump was modified to the air conditioner with a
domestic hot water supply that is operates in the domestic hot water production and
space-cooling. The helically condenser coil was immersed in the water tank of 80 L
capacity.

3. Numerical model

3.1 CFD model

As shown in Figure 2, the three dimensional water tank model was simplified as an
axisymmetric two-dimensional model.

3.2 Boundary conditions

The boundary conditions of the heat transfer between the water and the condenser
is illustrated in Table 1.

4
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Figure 1.
Schematic diagram of HPWH system.

Figure 2.
Simplified model. (a) 3D view. (b) 2D view.
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The considered equation was proposed by Dai et al. [6] and it is expressed as
follows:

q tð Þ ¼ �0:000000003t3 þ 0:000032972t2 � 0:18825tþ 4376:4 (1)

3.3 Meshing

As shown in Figure 3, the grid near the condenser coil and the tank wall was
refined. The mesh was conducted using the commercial computational fluid dynamics

Domain Specification Material type Value

Centerline Axis — —

Tank bottom Heat flux Aluminum 0 W/m2

Tank top Heat flux Aluminum 0 W/m2

Tank wall Heat flux Aluminum 0 W/m2

Cylinder heater Heater Copper Variable

Table 1.
Boundary conditions.

Figure 3.
Mesh and boundary conditions.
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(CFD) package Fluent. In the numerical investigation, the mesh with 40105 cells was
adopted for further analysis.

4. Model validation

In order to validate the accuracy of our numerical method, we have compared our
results to those reported by Dai et al. [7]. From these results, it has been observed that
the numerical results are in good agreement with the experimental results referring to
a HPWH with immersed condenser coil. In these conditions, the maximum absolute
error is about 10% as shown in Figure 4.

5. Results and discussion

To calculate the water temperature distribution in each axial location along
the height of the tank, the water tank was divided into three layers in the axial
direction. Each layer was divided into three points in the radial direction designed
by A, B and C. Details for the locations of the different test points are shown in
Figure 5. In order to calculate the average water temperature in each layer, the Eq. (2)
is used:

Tw,y tð Þ ¼
P3

x¼1Tw,x tð Þ
3

(2)

Where Tw,x tð Þ is the water temperature in each test point.
Figure 6 shows the average water temperature rising curves of A, B and C in water

heating process at three different layers. From these results, it has been observed that
the water temperature in the middle and the upper part of the tank was the same. On
the other hand, the A water temperature curve rising slowly with slight fluctuations
indicating that the hot water in the lower part of the storage tank rises up. This fact is
due to the force of gravity (g) acting on the fluid density variations. The majority of
water liquid in the lower part of storage tank still has not been affected by the

Figure 4.
Model validation results.
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convective heat transfer, except at the middle and upper part. Thus, this increase in
water temperature in the middle and upper part of the storage tank is due to the
buoyancy driven flow.

Figure 7 shows the heat flux distribution of the helical coiled tube heat exchanger.
From these results, it is clear that the heat flux decreases with the increase of the

Figure 5.
Locations of different test points.
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heating time. Therefore, this result declined to the low convective heat transfers
between the water in the tank and the refrigerant in the condenser when the water
temperature rises up.

Figure 8 shows the distribution of the water velocity over 60 min with the
initial water temperature equal to 15°C. The zones near the condenser coil and tank
wall are zoomed to obtain more detailed information about the water recirculation
during heating process. From these results, it has been observed that the velocity
distribution is high in the centerline of the vertical direction of the water tank. The
high velocity field is accurately visualized near the tank walls and condenser coil.
Indeed, a marked higher velocity distribution has been observed in the middle part of
the storage tank. From the zoomed regions, the water near the tank wall and con-
denser coil flowing downward during the heating process. This fact is due to the water
recirculation.

Figure 6.
Water temperature distribution in the water tank.

Figure 7.
Heat flux distribution during heating process.
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6. Conclusions

In this paper, numerical investigations were carried out to study the heat transfer,
water temperature and water velocity distribution in the cylindrical tank during
heating process. The detailed outcomes are as follows:

• The maximum water temperature achieved in the cylindrical tank after 3 h of
heating is equal to 50°C. This hot water obtained can be used for domestic
purposes such as bathing, laundry and cleaning.

• The new coupled machine has good utilization in industry, hotels and also for
domestic purpose.

• This work is extremely important for the development of novel heat
recovery technologies from refrigeration units in order to obtain cooling at
a low energy cost, with no negative environmental impact and a low initial
cost.

Figure 8.
Velocity distribution of the water in the storage tank at t = 60 min.
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Chapter 2

Application of Artificial
Intelligence in Air Conditioning
Systems
Aung Myat

Abstract

Urbanization has led to a sharp rise in the demand for power over the past 10
years, alarmingly rising greenhouse gas (GHG) emissions. HVAC (heating, ventila-
tion, and air conditioning) systems account for nearly half of the energy used by
buildings, and minimizing the energy use of the HVAC systems is essential. However,
the common problems, such as hot spots and cold spots in office spaces, experienced
in the building need to be addressed. Therefore, this chapter introduces the applica-
tion of artificial intelligence proactive control to resolve typical office issues. A dem-
onstration testbed was implemented on the Singapore Institute of Technology (SIT)
campus. The experiments were conducted in baseline mode and smart mode. In the
case study, two big zones were segregated into 43 micro-zones equipped with smart
dampers at each diffuser, allowing a localized set point to improve thermal comfort
and eliminate hot and cold spots. It has been observed that the proactive AI control
reduces cooling provided to the office by 29 percent and AHU electricity usage by 50
percent, respectively, while keeping the area within thermal comfort range of 23 to
25°C and 50 to 63% relative humidity.

Keywords: energy efficiency, all-air systems, airside energy reduction, artificial
intelligence, micro-zones concept, energy savings

1. Introduction

Energy is the most important component for the operation of various sectors,
including transportation, business, residential buildings, and many others. Recent
technological developments have led to a sharp rise in global energy consumption,
which is alarmingly increasing the rate of greenhouse gas emissions. As shown in
Figure 1, the world energy consumption by different sources of fuels was about
173,340 Terra-Watt-Hr (TWh) in 2019, while it was 122,073 TWh in 2000. The
world’s energy consumption increased by approximately 42% within 19 years. Elec-
tricity is the prime energy source that the built environment utilizes. Global elec-
tricity generation in 2021 increases approximately twofold compared to 2000 to
accommodate the drastic increase in energy consumption in the built environment,
as indicated in Figure 2. Primary fuel sources, like coal and gas, account for almost
60% of total primary energy sources, whereas renewable energy makes up only 13%
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of total primary energy sources. IEA reported that the increase in coal-fired power
plants contributes to a sharp rise in carbon dioxide emissions. The electricity
demand continues to grow by 4% in 2022. Despite substantial expansions of renew-
able energy usage, it is anticipated to offset the rise only partially in electricity
consumption [2]. Due to the rise of greenhouse gas emissions, the environment is
seriously threatened by the continued growth of energy consumption. Authorities
from many countries, however, are focused on achieving net-zero carbon emissions
and a major increase in the production of renewable and clean energy for end
consumers. Figure 3 shows that the total generated capacity will be 38,900 GW in
2050, while the expected rise in electricity output will be roughly 88,000 TWh.

Figure 1.
Energy consumption by different fuel sources since 2000 [1].

Figure 2.
Global electricity generation by sources from 2000 to 2021 [1].
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Additionally, it is anticipated that implementing the carbon tax will significantly
reduce carbon emissions starting in 2025 [3]. In order to achieve net-zero carbon
buildings, energy efficiency upgrades made to existing structures and energy-
efficient designs for new buildings, including passive and active technology, will be
crucial.

The built environment is seriously threatened by overpopulation and rapid
urbanization. By 2050, the world’s population is expected to reach 9.6 billion, a 21
percent increase from the current number. Therefore, the energy demand, particu-
larly electricity for the built environment, will rise dramatically unless energy-
saving options and measures are implemented. Moreover, 59% of the world popula-
tion, as shown in Figure 4, resided in highly urbanized regions in 2020 because

Figure 3.
Projected electricity statistics and carbon emissions till 2050 [3].

Figure 4.
World’s Population residing in urban and rural areas [4].
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these regions have employment opportunities, living standards, and ease of com-
mute. After 2007, the proportion of urban residents overtook rural residents,
sharply increasing the need for cooling and heating systems in residential and com-
mercial structures. Urbanization significantly increased ambient temperature and
decreased cooling system effectiveness due to the heat island effect. According to
the IEA, two-thirds of homes may have air conditioning units [5]. By 2100, the
average worldwide temperature could rise by 4°C due to the sharply increasing
trend in the deployment of air conditioning systems in urban areas. Therefore, there
is an urgent need to implement smart and energy-efficient air conditioning systems,
including both passive and active cooling systems, for existing and new buildings.
Doing so will lead to achieving net-zero carbon buildings.

Digitalization is a crucial component of the movement toward intelligent and
energy-efficient solutions that are required to reach the targets of net-zero carbon
emissions. Digitalization enables numerous energy systems to be more
interconnected, intelligent, dependable, sustainable, and efficient. Digitalization
could reduce energy consumption in buildings by around 10% by using real-time data
to increase operational effectiveness. The installation of smart thermostats can also
better predict heating and cooling requirements by employing self-learning algo-
rithms, and real-time weather forecasts to predict occupant behavior.

2. Application of artificial intelligence in air conditioning systems

Machine learning (ML), a subset of artificial intelligence, widely applies to various
sectors. The development of instrumentation and sensors has led to a significant
increase in the amount of data collected per minute. Plotting and analyzing these data is
crucial to turn them into insightful information that can be used for planning, opera-
tions, and forecasting. Machine learning techniques provide the link between the input
parameters and the predicted output variables. Machine learning can be generally cate-
gorized into two groups, namely (i) supervised learning and (ii) unsupervised learning.

By deploying the appropriate methods, ML can be applied to the followings:

i. Detecting the sale trends

ii. Time series forecasting

iii. Multivariate time series forecasting with recurrent neural networks (NNs)

iv. Detecting financial fraud using decision trees

v. Convolutional neural networks implementation for car classification

Globally, many countries are embracing digitization, which will help businesses
increase productivity, lower operating costs, and improve safety. Additionally,
researchers and industry participants can create machine learning and artificial intel-
ligence algorithms using historical data because it is easier to acquire thanks to digiti-
zation. However, even though machine learning is developing quickly, there have
been difficulties using it in practical applications because it needs a vast amount of
data. However, the road to digitization greatly aided the oil and gas industries’ ability
to access data, leading to machine learning easily. The built environment has been the
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focus of extensive research into intelligent control for air conditioning systems since
2000 to increase the effectiveness of these systems. Artificial intelligence applications
in the HVAC sectors are made possible by digitalization, which is essential. Therefore,
HVAC firms may create smarter systems to make buildings more environmentally
friendly, thanks to technological improvements. Artificial neural networks (ANNs)
have also been used in HVAC systems to optimize the operation set points of the air
conditioning system.

2.1 Review of the application of machine learning (ML) and artificial intelligence
(AI) in air conditioning systems

Many researchers have been working on machine learning and artificial intelli-
gence for both the demand and supply side of HVAC systems. A vast majority of
research conducted in the last 10 years can be generally categorized into (i) prediction
of occupancy and their behavior, energy consumption, and energy management and
(ii) control and optimization of HVAC systems.

Aftab et al. designed and implemented a sophisticated occupancy-predictive control
system with the aid of recent development in embedded system technologies [6]. The
system is cost-effective, has fewer requirements for powerful processors to execute
highly sophisticated tasks, and deploys real-time occupancy recognition using video
processing and ML techniques. The model can predict the occupancy pattern and allow
to control of HVAC systems using real-time building thermal response simulations,
achieving significant energy savings. Reeba et al. developed a model that can determine
the occupants’ behavior, which generally results in the wastage of energy in the oper-
ation of HVAC systems [7]. An ML-based model focused on the space’s heat flow and
could capture the energy waste depending on the status of the space, such as occupied
or non-occupied. The model could predict the optimal temperature settings utilizing
the status of the space, along with predicted mean vote (PMV) and the deployment of
motion sensors. The author observed that about 50% of the total energy was wasted
due to the suboptimal temperature settings in the space. Esrafilian-Najafabadi also
analyzed the impact of different occupancy prediction models using ML techniques
[8]. Four different ML techniques, namely decision trees, k-nearest neighbor (KNN),
multilayer perceptron, and gated recurrent units, were deployed to predict the occu-
pancy types and patterns and provide an accurate and reliable evaluation of the per-
formance of the occupancy model for coupling with HVAC control systems. The
author studied different models that analyze the occupants’ energy savings and ther-
mal comfort. The study included thermal comfort favored mode and energy savings
priority mode. Despite having a trade-off between the occupants’ energy savings and
thermal comfort, the author observed that equally weighted energy savings and ther-
mal comfort provide the best performance and that the KNN technique outperformed
other machine learning techniques. Although numerous studies related to ML tech-
niques that account for occupant patterns and behavior have been conducted, there is a
lack of study on effective air distribution due to the dynamics of occupant patterns and
their impact on temperature profiles across a spacious open office.

Many researchers emphasize their research on predicting energy consumption and
optimizing energy usage by HVAC systems, the most energy-intensive system, utiliz-
ing supervised learning methods. For example, Liu et al. applied Deep Deterministic
Policy Gradient (DDPG) for short-term energy consumption of HVAC systems [9].
The authors deployed a powerful autoencoder (AE) to process the raw data linked up
with the DDPG method to attain high-level space state data for optimizing the
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prediction model. In this study, the authors set up a ground source heat pump system
(GSHP) to supply a small office’s cooling and heating needs. The operation data were
used to train the model, and the authors demonstrated the office’s energy consumption
verification. The authors also verified that the proposed model predicted the state
space variables more accurately than the common supervised learning models, such as
support vector machine (SVM) and neural network (NN). The rapid expansion of deep
learning techniques has made them promising alternatives to conventional data-driven
methods. Vazquez-Canteli et al. developed an integrated simulation environment that
links the building energy simulators and TensorFlow, which allows the implementation
of various advanced machine learning algorithms [10]. This development enables
many researchers to test and formulate optimized control algorithms to accommodate
potential energy savings in buildings. The simulation platform also can be easily scaled
up to the district or city level to study model-free algorithms and their impact on
energy consumption and control strategy. Despite many interesting applications of ML
and AI in HVAC systems being conducted, some research focused on energy con-
sumption while other emphasized thermal comfort for small offices. There is a gap to
close the loop between energy consumption while maintaining the thermal comfort,
along with optimized cooling load predictions. In addition, most of the algorithms
operate offline and cannot account for the heat loads in space’s extremely dynamic
nature and external parameters such as weather conditions. In order to incorporate
artificial intelligence focused control that enables online load forecasting for extremely
dynamic environments, this work is motivated by the desire to investigate the perfor-
mance of HVAC systems, particularly airside systems.

3. Case study: deploying AI solution to airside energy efficiency
improvement

3.1 Energy consumption in air conditioning systems

As illustrated in Figure 3, by 2050, worldwide power consumption is expected
to have doubled from what it is today. Although it is questionable whether the
sharp rise in power use is related to the sharp rise in cooling and heating requirements,
the fact that there are currently 1.9 billion air conditioning units worldwide serves as
proof. Additionally, it is anticipated that by 2050, cooling and heating requirements
will have increased by 37%. Therefore, the road map for net-zero carbon buildings
requires immediate effort to increase the efficiency of the air conditioning systems and
the occupants’ behavior, incorporate cutting-edge control systems, and embrace pas-
sive technologies. This project aims to increase air conditioning system’s efficiency by
integrating them with AI-focused self-learning control systems.

A case study was carried out at one of the spacious offices at the Singapore
Institute of Technology (SIT) to apply AI to air conditioning systems. Due to its tropical
climate, space cooling is required throughout the year, and the building sector
accounts for 37% of total energy consumption. Figure 5 depicts the energy consump-
tion of the air conditioning system, which is as high as 50% of building energy
consumption due to its hot and humid climate. A detailed breakdown of the energy
consumption of HVAC systems is shown in Figure 5, and airside accounted for 34% of
the total energy consumption of HVAC systems. Although the airside energy con-
sumption is equally important compared to the waterside, it is mostly overlooked due
to the high dynamics in nature.
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3.2 Motivation of the case study

In chiller plants, airside systems account for the second highest energy consumption.
In addition, the airside cannot support more control flexibility due to the high
dynamics involved. Another thing to consider is that uneven thermal heat maps
caused by oversized and undersized air distribution systems deviate from the thermal
comfort of the occupants. Figure 6 shows that hot and cold spots in large open offices
are prevalent issues in airside systems.

Although there are other potential contributing elements, ineffective air distribution
systems are the main problem. Ineffective air distribution systems cause hot areas
because of insufficient cold air provided to the space. In addition, cold spots develop in
the remaining areas of the office because there is excessive cold air. The control system,
however, is unable to respond appropriately. Conventional control systems operate in

Figure 5.
Breakdown of energy consumption of buildings in Singapore [11].

Figure 6.
Uneven thermal heat map due to improper sizing of AHUs and control strategies.
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reactive methods, which is the cause of the control system’s slow response. As indicated
in Figure 7, although the main return air temperature is employed as feedback to serve
as the control, it does not accurately represent the local zones, leading to unequal
temperature distributions. The zoning of the space is one aspect that shows a significant
role. The zone size is too large for the control systems to capture all information; thus,
they are unable to adapt. Therefore, in this study, the impact of the big zone being
segregated as smaller zones (micro-zones), proactive AI control on the performance of
the airside system, and energy savings potential will be investigated.

3.3 Details of the testbed located at the Singapore institute of technology

The pilot tests were conducted on one floor of the Singapore Institute of Technol-
ogy (SIT) campus located at Dover Drive. The testbed occupying 11,000 square feet is
located at level two, comprising open offices, meeting rooms, a pantry, an AHU room,
and washrooms. The space is fully air-conditioned except for the washrooms. The
details of the testbed are tabulated in Table 1. Figure 8 illustrates the layout of the

Figure 7.
Typical reactive feedback control system in air handling units (AHUs).

Total floor area 11,000 square feet (sqft)

Seating capacity Approx. 100

Operation hours 0830 hrs to 1800 hrs

Area types Enclosed workstations, cabins, cafeteria, and conference rooms

BMS Yes, Johnson controls

Chilled water actuator Yes, installed for each AHU

Table 1.
Details of the pilot in the case study.
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office located at the Singapore Institute of Technology, and the spaces are segregated
into two zones, namely, block B and block C. While block B’s cooling requirements are
supplied by air handling unit 2-1 (AHU 2-1), block C is served by AHU 2-2. The
temperature set point of the space was 24°C throughout the day.

The key issue with the air conditioning system is the thermal comfort of the occu-
pants stationed in the space. From the occupant’s feedback, it is discovered that there are
areas with hotspots and overcooling within the office. On occasion, occupants feel
uncomfortably hot or extremely cold in the office. It is observed that some of the
diffusers are covered with masking tape to restrict airflow. The AHU VFD and actuator
set points are changed manually based on complaints from the occupants. In addition,
due to the work nature of the academic staff, they are frequently required to leave and
return to their desks for lectures and classes, resulting in a dynamic heat map. There-
fore, there is a need to resolve the issue without compromising the energy efficiency of
the air conditioning system. The primary objective of this study is to develop an intelli-
gent solution to resolve thermal comfort issues without compromising energy efficiency
while eliminating the conventional reactive approach to control systems.

The proactive solution would account for the varying occupant numbers throughout
the daywhile creating an optimal condition for their staff. Despite the abundant availabil-
ity of smart sensors,whichwork on room levels, anAI algorithmwasdeveloped and tested
at SIT staff office, along with the collaboration between SIT and Singapore Digital Pte.
Ltd., a sole distributor of 75F smart innovation solutions in Singapore.

Dynamic air balancing and chilled water balancing, along with proactive AI pre-
dictive control, are the essential components of this study to achieve energy savings
while maintaining the thermal comfort of the occupants. In order to optimize the air
distribution efficiency, two big spaces, as indicated in Figure 8, are divided into 43
micro-zones, as indicated in Figure 9. Each meeting room is treated as a micro-zone.
Each micro-zone in the open office is equipped with an IoT smart sensor that mea-
sures the key parameters, such as temperature, relative humidity, CO2 concentration,
and occupancy status, using a passive infrared sensor (PIR), enabling an accurate
representation of the local heat load. Moreover, as illustrated in Figure 10, smart

Figure 8.
Plan view of the office space at level two of the University Service Centre at the Singapore Institute of Technology.
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Figure 9.
Two zones are split into 43 micro-zones.

Figure 10.
Architecture of proactive AI control system.
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dampers are retrofitted between each supply air diffuser/VAV duct and flexible air
duct to modulate the amount of airflow based on the actual heat load. This facilitates
micro-zonal control, allowing better comfort and energy savings. In addition, the
opening of the smart damper is controlled based on the local heat load. The IoT smart
sensors and dampers are wirelessly connected smart nodes which communicate wire-
lessly with central control units (CCUs). A cloud-based proactive AI control powers
the algorithm behind the control units, and the architecture of the proactive AI control
system is shown in Figure 10. The CCU sends minute-by-minute data regarding
temperatures in various building parts to cloud servers. Every night, these servers run
proprietary algorithms to crunch the historical data and develop a thermal model of
the building. They then predict the thermal load in each part of the building for the
next day based on the forecasted weather.

3.3.1 Dynamic airflow balancing

Figure 11 illustrates the dynamic airflow balancing, which optimizes the cold air
supply to the most required space. The smart dampers’ opening at micro-zones with
cold spots is adjusted to accommodate the cooling needs in that micro-zone. Due to the
changes in the opening of the smart dampers, the static pressure in the duct increases.
However, cold air is circulated to space (hotspots), which requires more cooling,
restoring the static pressure. Therefore, supply air fan speed is not ramped up to supply
more cooling to the hot space; instead, air balancing between cold and hotspots pro-
gresses, resulting in energy savings in AHUs. This means that the AI control is able to
identify which zones require more cooling by deploying dynamics zone priority (DP).
Since the system enables minute-by-minute data collection, real-time DP is performed
prior to executing the next control phase. Air balance is performed using a weighted
average of the local heat load, as shown in Eq. (1) (Figure 12).

_Qweighted ¼
Pzn

i¼z1
_Qi,jxDPi � _Qi,kxDPi

� �
Pzn

i¼z1DPi
(1)

Figure 11.
Illustration of dynamics of airflow balancing.
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where _Qweighted and _Q denote the weighted average of heat load and local heat load in
the space, respectively, DP refers to dynamics zone priority, i denote the number of
zones in the space, j represents the zones with overcooling, and k is for the zones
requiring more cooling. Then, air balancing for the micro-zones is carried out based on
the DP value, which identifies how far the current temperature is away from the set
point. The AI algorithm identifies and optimizes the air balancing, resulting in the evenly
distributed cold air supply to each of themicro-zones, and AHUs can still be operated at a
lower speed as compared to the conventional control system because the speed of the
AHUs is adjusted, as shown in Figure 13, based on the weighted average of micro-zones
after air balancing is carried out. In addition, fresh air optimization is enabled by incor-
porating a modulating damper in the fresh air duct. The bandwidth of the opening of the
fresh air damper ranges from 20 to 100% based on CO2 concentration in the space,
enabling minimal fresh air usage when the indoor CO2 level is about 900 ppm.

Figure 12.
Dynamic airflow balancing diagram.

Figure 13.
Block diagram that shows smart damper and AHU VFD relational control.

24

Recent Updates in HVAC Systems



3.3.2 Dynamic chilled water balancing

Chilled water balancing is achieved by utilizing the micro-zones’ weighted
average return air temperature. When the weighted return air temperature falls
above the set point, the Al algorithm detects that more cooling is required in
the space. However, the steps for air balancing and AHUs speed adjustment are
completed to accommodate the cooling requirement. Therefore, the controlled
valve will be modulated to a wider position to provide more chilled water to
maintain the temperature in micro-zones within the thermal comfort range
defined by ASHRAE standard 55 [12]. Therefore, the differential temperature of
the chilled water is maintained at the optimal range, while the chiller water pump’s
speed is adjusted to provide the required cooling in the space, resulting in energy
savings without compromising the thermal comfort of the occupants in the space.
The sequence of activating the opening of the chilled water modulating valve is
shown in Figure 14.

3.4 Deployment of AI solution in airside system of the chiller plant located at SIT

Implementation of measurement of the performance of AI-oriented proactive
control solution comprises the following stages:

1.Retrofitting of smart dampers to the existing system that enables dynamics air
balancing

2.Installation of a power meter at each AHU to measure the power consumption of
the fans

3.Installation of CCU for each AHU to control smart nodes and smart dampers,
modulate VFD and chilled water actuator, and act as a cloud gateway

4.Installation of smart dampers at the existing mixing boxes outlet. The opening
and closing of the smart dampers are controlled by the smart nodes installed
above the false ceiling. The smart nodes communicate wirelessly to the cloud;
users can access all data and control through the App or portal.

Figure 14.
Dynamic chilled water balancing control process.
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5.Installation of Intelligent Temperature Mote (ITM) for each zone across the pilot
area to sense and collect data (temperature, humidity, and Lux) in real-time
every minute, and there are a total of 43 zones, as shown in Figure 15.

6. Installation of chilled water flow meter, the temperature sensors for chilled water
return, and supply.

7.Installation of a chilled water actuator controlled by the CCU to modulate chilled
water flow to match the optimal set point and ensure optimal flow rate and
differential temperature through the chilled water pipe networks, as shown in
Figure 16.

8. Installation of a new fresh air damper with Belimo actuator and the fresh air
damper is modulated (20–100% opening) based on the CO2 level, as shown in
Figure 17.

3.4.1 Baseline measurement and smart mode measurement deployment of AI solution
in the airside system of the chiller plant located at SIT

After completing the installation of the required instrumentation, sensors, and IoT
devices and commissioning, which includes fine-tuning the parameters, the testbed
was operated in two phases: baseline mode and smart mode. Each mode was operated
for 10 days, excluding weekends. The baseline mode represents the operation of

Figure 15.
A schematic diagram of dynamic airflow balancing.
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existing conditions, isolating the proactive AI control, whereas the smart mode
enables the proactive AI control, including dynamic air balancing, dynamic chilled
water balancing, and fresh air optimization. The AI control overwrites the set point of
BMS for existing operating conditions. Outdoor temperature and relative humidity
were also recorded in the cloud during the testing of both phases to ensure that the
impact of the weather conditions on the airside system’s performance was considered.
During both testing phases, data are recorded every minute using the instrumentation
and sensor installed during the retrofitting stage, as tabulated in Table 2. During
weekdays, AHUs are scheduled to start at 6:30 am, and the chiller and pumps are
staged to turn on from 7 progressively for pre-conditioning. Since the building
operates from 8:30 am to 6:00 pm, the data analysis only includes this period of the
day. Key parameters, such as the temperature and relative humidity of all 43 zones,
were recorded every minute in both baseline and smart modes. While AHU 2-1
supplies the cooling requirements to zone 1–23, AHU2-2 serves zones 24–43. The set
point for all spaces was maintained during the tests at 24°C.

Figure 18 depicts the temperature profiles of supply air measured during the
baseline and smart mode tests. It is indicated that supply air temperature fluctuated
between 13.6°C and 21.7°C, whereas it was maintained between 15.3°C and 19.3°C.
The median temperature of supply air for baseline test and smart modes were 16.3°C
and 17.1°C, respectively. Despite maintaining the close median supply air temperature
between baseline mode and smart mode, the differential temperature in the
interquartile for baseline mode was 1.5°C, and that of smart mode was about 1°C. It is
also concluded from the box plot that most of the supply air temperature during the

Figure 16.
A schematic diagram of dynamic chilled water balancing.
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smart mode test fall outside the interquartile, and outliers are beyond 1.5 times the
interquartile (upper whisker) due to inefficient air distribution systems and control
strategy.

On the other hand, no outliers were discovered beyond the upper and lower
whiskers during the smart mode testing. It is also worth noting that the temperature

Location Parameters measured

Meeting rooms and office space • Temperature
• Relative humidity
• CO2 concentration
• Dynamics occupancy
• Supply air temperature from each diffuser
• Smart damper opening in %

AHUs • Fan power
• Fan speed
• Chilled water flow rate
• Chilled water supply and return temperature
• Supply air temperature
• Return air temperature
• Fresh air damper opening in % (20–100%)

Table 2.
List of measured parameters and locations of measurement.

Figure 17.
A schematic diagram of uutside air optimization comfort range.
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difference between the minimum and maximum supply air temperature was less than
4°C, assuring that smart mode control performs significantly better than baseline mode
in terms of air distribution effectiveness. The space temperature with respect to time
during baseline mode and smart mode is presented in Figure 19. During the test period
of both modes, the set point temperature was maintained at 24°C, and the results were
analyzed by comparing the baseline and smart mode tests. From the temperature and
relative humidity profiles during the baseline test, it was observed that the space
temperature during the smart mode test fluctuated from 21 to 25°C, while relative
humidity in the space varied between 67% and 48%. Furthermore, the difference
between space temperature and the set point was found to be considerably huge in
some cases; it was as high as 3°C, resulting in cold spots and hotspots in space. However,

Figure 18.
Supply air temperature profiles during the baseline and smart test.

Figure 19.
Average temperature and relative humidity profiles of the space during the baseline and smart mode tests.
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during the smart mode test, the space temperature varied between 23 and 24.5°C, while
relative humidity ranged from 52 to 65%, which falls well within the thermal.

In order to analyze further details of the temperature distribution in the space, a
temperature bin is created with 2°C range with a total of 551,872 data points, and the
results are illustrated in Figure 20. Seventeen percent of the data points that falls
under undercooled regions (19–22°C) during the baseline test were shifted to 22–26°C
when the smart mode was activated. Moreover, the smart mode delivered 99.97
percent of the events within the bin range of 20–23.9°C, highlighting that proactive AI
control works perfectly fine to optimize the airside performance compared to the
baseline mode. Therefore, proactive AI control not only achieves a better thermal
comfort condition in the space but also improves the efficiency of the airside system,
because AI control optimizes the cooling load prediction by adapting the characteris-
tics and activity ongoing in the space, along with the dynamic airflow balancing
strategy. Energy consumption should not be overlooked despite improving the ther-
mal performance of the airside. Therefore, energy data, such as electricity consump-
tion and cooling supplied to the building, were monitored and recorded throughout
both baseline and smart modes. All energy data were recorded using the Kamstrup
BTU (cooling energy) and the Schneider Energy Meter (electrical energy). Data
during the weekends of the testing period were excluded from the analysis in both
modes. Two AHUs (AHU 2-1 and AHU 2-2) were assigned to supply cooling to the
space, and the rated power of AHU 2-1 and AHU 2-2 at the full load are 5.7 kW and
3.7 kW, respectively. During different test modes, weather conditions were normal-
ized to ensure that the deviation in the weather conditions was not affected. The pairs
of the daily average ambient temperatures during both modes for comparative
analysis are presented in Figure 21.

Daily electricity consumption of both AHU 2-1 and AHU 2-2 is illustrated in
Figure 22. During the baseline test, it is observed that the daily electricity consump-
tion of AHU 2-2 ranges between 44 kWh and 70.50 kWh, while the electricity con-
sumption of AHU 2-1 varies between 22.6 kWh and 8 kWh. While conducting the test
in the smart mode, as indicated in Figure 22, electricity consumption of AHU 2-2

Figure 20.
Temperature distributions with 2°C range.
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fluctuates between 37.2 kWh and 18.6 kW and that of AHU 2-1 peaks at 14.2 kWh,
and its minimum value is 7 kWh. The average electricity consumption of AHU2-1 and
AHU 2-1 during the baseline mode was 54.67 kWh and 16.07 kWh, respectively.
However, the average electricity consumption of both AHUs during the smart mode
was 24.5 kWh [AHU2-1] and 10.43 kWh [AHU 2-2]. Therefore, the total electricity
consumption of AHU 2-2 is cut from 492 kWh in the baseline test to 220.5 kWh in the
smart test, whereas the electricity consumption of AHU 2-1 is lowered by 50.7kWh
from 144.6 kWh to 93.9 kWh, as demonstrated in Figure 23. The results also highlight
that electrical energy savings in AHU 2-2 are about 55%, while AHU 2-1 saves
approximately 35% of electricity usage when the smart mode is activated. While

Figure 21.
The pairs of average daily outdoor temperatures for the comparative analysis during the baseline and smart modes.

Figure 22.
Daily electricity consumption of AHU2-1 and AHU2-2 during the baseline and smart modes.
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presenting electricity consumption analysis, cooling energy consumption is also
investigated in this case study. Due to some constraints in the installation of BTU
meters for each AHU to measure the cooling energy, only one BTU meter was
installed at the common chilled water header to log the chilled water flow rates.
Therefore, the cooling energy consumption (kWh) is calculated as follows:

_Qcooling ¼ _mchwCpchw TR � TSð ÞxNop (2)

In Eq. (2), the first parameter _Qcooling represents cooling energy consumption in
kWh; the second parameter _mchw denotes mass flow rates of chilled water in kg/s, the
third parameter Cpchw is the specific heat capacity of chilled water in kJ/kg�K, T
represents temperature in °C, and Nop is the operation time in hours. The subscript R
and S represent return and supply, respectively. Figure 24 illustrates the accumulative
cooling energy consumption for the baseline and smart mode tests. The smart mode is
observed to consume 29% less cooling than the baseline test while maintaining ther-
mal comfort in the space, because the cooling requirements in the office are signifi-
cantly reduced by optimizing the supply airflow rates to facilitate the cooling load in
each micro-zone. The results show that airside energy consumption can be reduced by
as high as 50% of electricity consumption in AHUs, while the reduction in cooling
supply to the office was also approximately 29%. The results also assure that reduction
in the cooling supply and electrical energy consumption do not compromise the
thermal comfort of the office.

This case study demonstrated the application of AI-oriented control in airside air
conditioning systems to resolve typical issues, such as thermal comfort and high
energy consumption due to overcooling and undercooling, in open offices. It also
highlights that the improvement on the airside also contributes to the reduction of
electricity consumption of the fans, resulting in minimizing the waste energy as
compared to the baseline control system while cooling required in the offices is also
optimized.

Figure 23.
Electrical energy savings at different AHUs between baseline and smart modes.
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4. Conclusion

This chapter investigates the application of AI solutions in optimizing airside
performance while maintaining thermal comfort in the office. Pilot tests were
conducted to examine the impact of proactive AI control on resolving common
thermal comfort issues in the office, such as overcooling and undercooling. The
demonstration testbed was implemented in one of the Singapore Institute of Technol-
ogy floors, located at Dover, Singapore. The tests were conducted in baseline mode
(conventional BMS control) and smart mode (proactive AI control). The results
highlight that the proactive AI control solution provides not only the improvement of
energy consumption but also an enhancement in thermal comfort by eliminating cold
spots and hotspots in the office. Furthermore, it also highlights that the improvement
on the airside also contributes to the reduction of electricity consumption of the fans,
resulting in minimizing the waste energy as compared to the baseline control system,
while cooling required in the offices is also optimized.
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Figure 24.
Cooling energy consumption during baseline test and smart test.
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Chapter 3

Heat Recovery from
Cryptocurrency Mining by Liquid
Cooling Technology
Nan Chen, Yunshui Chen and He Zhao

Abstract

Bitcoin, the world’s largest cryptocurrency, currently consumes an estimated 150
terawatt-hours of electricity annually. Most cryptocurrency miners have dissipated
the thermal energy from mining chips to the ambient by air cooling circulation. To
recover the thermal energy from cryptocurrency mining, an advanced heat recovery
system has been developed, prototyped, and tested. The cryptocurrency miners in an
enclosure are cooled by spraying dielectric coolant, then the coolant heated by the
mining chips is collected and driven through the spiral heating coil immersed in a
190 L hot water tank. High efficient liquid spray cooling mechanism is the core of this
design, by which maximum coolant temperature can reach 70°C in the field trail
within the safe temperature limits of mining chips. In practice, this record tempera-
ture not only meets the minimum legionellosis risk management requirements for
building water systems defined by ANSI/ASHRAE Standard 188-2018 but also pro-
vides high-grade energy input to the building, district heating system, or booster heat
pump/boiler if needed. In theory, the conventional concept of PUE based on energy
has been redefined by the PUE based on exergy. The energy-based PUE is 1.03 and the
exergy-based PUE is 0.95 in this case, which can truly reflect the useful energy flow,
exergy, in the heat reclaim system.

Keywords: heat reclaim, cryptocurrency miner, exergy, liquid spray cooling, PUE

1. Introduction

Bitcoin, the world’s largest cryptocurrency, currently consumes an estimated 150
terawatt-hours of electricity annually-more than the entire country of Argentina, with
a population of 45 million [1]. Acknowledging that Bitcoin mining is a high energy
consuming and high energy density industry, correspondingly, miners generated large
quantities of heat during the continuous hashing process, which conventionally has
been dissipated into the ambient by air cooling circulation. Regarding the financial
and environmental benefits from the heat reuse in mining industry, competitive
entities are explored an economical approach to elevate the revenue performance and
cut the carbon footprint at initial stage of project plan and make effort to maximize
these benefits further by advanced heat exchanging technologies, which can partially
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or completely replace the traditional fossil fuels in the field of low temperature
heating. Due to the resilience of spatial arrangement, miners can be deployed in the
pattern of centralized and decentralized models. Centralized mining farms are more
suitable to heat the green house, vertical farm, district heating network, i.e., work as a
heat resource in a large scale. On the contrast, decentralized mining utilities can
provide the space heating or hot water in the small-scale projects, such as in residential
or light commercial deployment.

Heat recovery is a low-carbon technology that cuts across multiple sectors of the
technologies. From the perspective of the first law of thermodynamics, the primary
challenge is to identify effective ways to capture and transfer heat, along with sound
economic use cases. From the perspective of the second law of thermodynamics, the
second challenge is to elevate the grade of heat expelled by miners to extend the scope
of waste heat application and provide feasibility to seamless connection with the
current heat system driven by electricity or fossil fuels. Regarding the approaches of
capture and transferring heat from miners, current technologies can be categorized
into three types, i.e. air cooling, liquid immersion cooling (single phase and two
phases), and hybrid (air/liquid) cooling [2]. Air cooling utilizes fans to pass air over
the miner heat sinks. Hampus [3] reports that 5.5–30.5% of the electrical input to a
1 MW air-cooled mining farm could be recovered, which can fill the heating demand
of a 2000m2 greenhouse by 89.7–97.9%, and a 10,000 m2 greenhouse by 50.0–61.5%
respectively. Up to 94.5% of thermal energy has been wasted due to the poor thermal
properties of air in the process of thermal transmission. Enachescu [4] pointed out
that waste heat from a 45 MW data centre is sufficient to provide a year-round heating
to a 8.34-acre greenhouse for commercial cannabis growth. The total annual avoided
emissions were calculated at 70,000 tonnes of CO2 by economizer cycles and waste
heat reuse in Alberta, Canada. Agrodome [5] is the first retail facility that uses servers
as heat sources distributing residual heat through a cascading set of greenhouse appli-
cations. Blockchain Dome, each dome has an input of 1.5 MW and produces
5,000,000 BTU/h of heated air, requires no additional electricity to maintain the
preferred temperature range. In July of 2018, United American Corp. [6] announced
their intention to deploy 25 Blockchain Domes across Quebec, filing a power license
request at 5 MW at the large power preferential rate. Data center heat reuse co-
location with an associated greenhouse minimizes losses to electricity distribution,
heat transportation, and associated heat loss, which is a primary scenario for heat
recovery from the air-cooled data center.

Immersion cooling is an IT cooling practice by which IT components and other
electronics, including complete servers and storage devices, are submerged in a ther-
mally conductive but electrically insulating dielectric liquid or coolant (single-phase
or two-phase). Heat is removed from the system by circulating relatively cold liquid
into direct contact with hot components, then circulating the now heated liquid
through cool heat exchangers. The advantages of using liquid cooling over air cooling
include liquid’s higher specific heat capacity, density, and thermal conductivity. This
allows liquid to transmit heat over greater distances with much less volumetric flow
and reduced temperature difference. Regarding the higher coolant temperature, inlet
water temperatures [7] in the order of 45–70°C can cool server rack chips and CPUs to
approximately 80–90°C to avoid triggering the auto frequency throttling protection,
while the maximum permissible temperature range of processors is 100–120°C.
According to [8], the inlet temperatures can range between 30 and 60°C. The solution
presented by Ernest Orlando Lawrence Berkeley National Laboratory [9] has an inlet
temperature between 15 and 45°C, whereas the case study presented in [10] has an
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inlet temperature of 50°C. Other advantages are the considerable fan energy saving
and a lower noise level. The main drawback of liquid-cooled systems is the introduc-
tion of liquid within the data center and the potential damage that a failure can cause.
In 2022, Bitcoin mining company Mint Green to deliver an innovative low-carbon
mining waste solution to heat the City of North Vancouver, BC [11]. Production of
both bitcoin and usable thermal energy positions the Digital Boilers to be the cost-
leading low-carbon heating technology. In MintGreen design, the hash boards have
been placed radially in a bell month-like chamber, submerged fully in the single-phase
dielectric fluid. The cold coolant will flow in the chamber along the central line, be
heated by the radial located hash boards, and then be collected circumferentially.
Wisemining’s digital boiler designed for residential mining and heating [12] includes a
tank container design for ASIC and a 200-liter water tank with two heat exchangers.
This product was designed based on two-phase immersion cooling concepts. The
drawbacks of two-phase liquid are the coolant is expensive and highly leakable; The
condensation of two-phase fluid in the inner tube driven by thermosiphon has a
comparatively lower efficiency than that driven by forced convective heat transfer;
The position of the miner must be lower than the coil in the water tank, which needs
more footprint of this product.

Hybrid liquid-cooled systems are defined by the integration of the direct-to-chip
liquid cooling of some high heat density components such as CPUs and DIMMs by
microchannel flow [8, 13] or cold-plate heat exchangers [9, 14], with the air cooling of
the rest of low heat density components. A 15 kW IBM rack as a typical example of a
hybrid liquid cooled system has been tested [3, 15] under different ambient tempera-
tures. This chiller-less rack can work under inlet coolant temperature of up to 45°C. In
the summer season, its IT load of 13.16 kW can be maintained under 0.442 kW
cooling power consumption. The average cooling power for a full year could be
expected to be below 3.5%.

2. Objectives

Doubtless to say, the implementation of waste heat recovery measures in the
crypto mining industry to building or district heating, absorption cooling, Rankine
Cycle, Organic Rankine Cycle (ORC), biomass co-location, and desalination for clean
water production, can tremendously improve financial performance and reduce CO2

emissions. Nevertheless, the main impediment to introducing this technology in the
data center is the low quality of the heat produced from electronic devices, despite the
large quantity. The quality of heat is bound by the upper-temperature limits of
electronics, which in most cases remain below 85°C. Air cooling is limited by the
thermal properties of air which require co-located siting, making the retrofit into the
existing data center impossible. The temperature difference across the inlet and outlet
of the hybrid air portion is low due to the water loop removing most of the heat, thus
the air cooler portion can operate at a low capacity and the water portion should be
targeted for heat recovery. Two-phase immersion cooling is restricted by its charac-
teristic of the saturated temperature-pressure curve which must be realized by a
complicated evaporation-recondensation structure. As far as the grade/quality of the
heat recovered by the above three approaches is concerned, air cooling typically
results in outlet temperatures of 25 to 35°C, while outlet temperatures of up to 60°C
are possible with single-phase immersion and hybrid liquid cooling [16]. The max.
Temperature of two-phase immersion cooling relies on the selection of two-phase
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coolant and max. Case temperature of chips. 3 M Novec 7100 with 61°C boiling point
@ 1 atm is the most common working fluid in two-phase open bath immersion
cooling. Even though Marcinichen [17] reports that high temperatures as 60–70°C for
liquid-cooled systems and 70–80°C for two-phase cooling systems provide higher
waste heat quality and open up a wide range of waste heat reuse opportunities. These
temperatures were achieved in the complex direct on-chip evaporator by HFC134a or
HFO1234ze under a working pressure of approx. 15 bar. Kuncoro [18] reports that the
temperature differential between chips and coolant can be reduced up to 91.3% by the
replacement of air cooling with single-phase oil cooling. It not only reveals the reason
liquid cooling is a better option to harvest the high-grade thermal energy but also
points out the direction to improve it continuously.

In this article, the prototype of a digital boiler has been designed and built that is
helping reduce greenhouse gas emissions by repurposing the heat produced by their
ASICs. The miner is cooled by spraying coolant, with intend to enhance heat trans-
ferring and consequently elevated coolant outlet temperature for high-grade heat
recovery. The concept of PUE based on energy has been redefined accordingly
regarding the exergy in the reclaimed heat, catering to the demands of reasonable
performance evaluation of data center with thermal energy reuse. Experimental
testing validated the exergy efficiency of this innovative design.

3. Design of digital boiler

3.1 Spray cooling mechanism-theory

Why spray cooling has been selected as an alternative to extensively used immer-
sion cooling and how to determine the parameters of spray cooling are the challenges
in this design. Tracking the motion trajectory of the coolant liquid out of the sprayer,
spreading out of the sprayer holes, receding due to viscous effects, splashing by
droplet collision, stationary film generating by fluid viscosity on the solid surface,
liquid file flowing by liquid momentum and gravity, and liquid flooding and draining
will happen in sequence [19, 20]. The interfacial flow of coolant liquid film on the heat
sink surface determines the flow pattern of film, through which heat transfer will
happen. The flow patterns of droplets out of the sprayer depends basically on their
outlet velocity, which are single droplet, droplet train, and droplet burst in the
sequence of velocity increments. The impinging momentum of droplets onto the film
attached to the solid surface coupled with the film flow pattern are the two main
factors of the heat transfer mechanism of spray cooling. In this study, the droplet flow
is designed as the droplet train flow- fresh droplets continuously impact the surface at
a certain frequency. To investigate the heat transfer of spray cooling from this aspect,
Soriano et al. [21] found that the decisive factor to achieve optimal cooling perfor-
mance is to let the film velocity not be disturbed by the adjacent droplet streams.
Zhang et al. [22, 23] further proved that both impact spacing and impingement
pattern affect local and global cooling performance on the hot surface. The droplet
train impingement among various impingement patterns is the best one for the
highest thermal performance, which has also been recommended by Gao [24] after
comparing the circular jet impingement cooling with droplet train impingement. As
an advanced methodology [25], droplet trains broken by piezoelectric nozzles from
more groups of jet flow can make cooling heat flux up to �170 W/cm2 with a nozzle
diameter of 25 μm.
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In the field of Fluid Dynamics, Nusselt number (Nu) is the ratio of convective to
conductive heat transfer at a boundary in a fluid, by which the convective heat
transfer coefficient could be calculated.

Nu ¼ hL=k (1)

where h is the convective heat transfer coefficient of the flow, L is the character-
istic length, k is the thermal conductivity of the fluid.

In the single-phase regime, Rybicki and Mudawar [26] proposed the correlation for
dielectric PF-5050 spray, which is

Nu ¼ 4:7Re
0:61Pr

0:32 (2)

in which Re is Reynolds number and Pr is Prandtl number.
As the heat transferring mechanism of immersion cooling, Nu of an isothermal flat

plate at a specified temperature in the free stream flow can be calculated by [27, 28]:

For Laminar flow Re < 5x105ð Þ : Nu ¼ 0:664Re
0:5Pr

0:33 (3)

Refer to the quantitative comparison in Figure 1 with constant Pr as 95 and Re
varying from 0 to 4500, Nu of spray flow from Eq. (2) is far higher than that of
laminar flow in Eq. (3). Refer to Eq. (1), no doubt to say that h in spray flow will be
much higher than that in immersion cooling. In this case, to get the optimal convec-
tion heat transfer coefficient coupled with minimal pressure drop and coolant distri-
bution, a series of testing has been conducted to get the best diameter and distribution
of spraying holes. 0.6 mm spraying hole has been proved to be a good option to
achieve the droplet train flow and can wet the surface of the heat sink effectively.

Figure 1 presents the comparison of Nu between single-phase spray and single-
phase immersion under Re number varying from 0 to 4500. Nu will be 200 for
immersion cooling, and 3100 for spray cooling with Re number 4000. It means under
the same access liquid velocity, spray cooling can create much higher heat transferring
coefficient than immersion cooling.

Figure 1.
Comparison of Nu between single-phase spray and single-phase immersion under Re number varying from
0 to 4500.
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3.2 Spray cooling mechanism-design

Figure 2 presents a schematic diagram of dielectric coolant being sprayed on the
hash boards and heat sinks. The noisy fans in the air-cooled design have been removed
and replaced by a liquid sprayer in the liquid cooling. The miner with the original heat
sinks designed for air-cool was installed vertically in the reservoir, then the coolant
was sprayed out of the sprayer from the top and access to hash boards and heat sinks.
The coolant flush on the surface of the heat sink and drained automatically by gravity.
The liquid film on the surface of the heat sink can be kept at its minimal thickness due
to the excellent drainage and forceful flushing momentum. The surface area of the
front and back heat sink indicates the different heat loads on the front and back side of
the hash board, the spraying flow to them is distributed accordingly. The spraying
holes on the top sprayer have been pinpointed to the heat sinks and their spatial
distribution has been arranged based on the heat load distribution which can guaran-
tee enough wetting on the surface of the heat sink for the best thermal performance
with the least coolant consumption.

3.3 Digital boiler-design

In Figure 3, a modular heat recovery system by the name of Digital Boiler has been
developed for hot water heating. This modular can be extended or combined to be an
array providing higher heat capacity. This modular digital boiler includes four major
kits, i.e. miner liquid cooling chassis, water tank kit, water replenishing kit, and dry
cooler. The thermal energy generated from the miner including three hash boards
(WhatsMiner M30S) will heat the dielectric coolant (7.3 L coolant charged) in the
enclosure and then be suctioned into the pump (a DC permanent magnet pump). The
heated dielectric coolant out of the pump will flow into the line connected with the

Figure 2.
Schematic diagram of coolant spraying design. (a) Stack of hash board, (b) singular hash board, and (c) plain
view of miner.
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spiral coil in the water tank (a 190 L insulated tank). The internal volume of the water
tank would be filled with fresh water from the water replenishing kit. Hot water in the
water tank will be heated by coil and pushed out to the supply water line. In the
supply water line, the air purger will discharge the air released from water into the
ambient. The thermostat can maintain the water temperature in the water tank by
controlling the bypass flow through the dry cooler partially or fully in response to the
load requests. Thermocouples connected with the datalogger have been put at the
positions shown in Figure 3 for testing purposes. Figure 4 indicates the main compo-
nents and their installation of a prototype. Figure 5 is the image of a real digital boiler,
which has the exact compatible geometrical size and connections with the current
electric/gas water heater. Table 1 shows the main parameters of Digital Boiler.

4. Performance of digital boiler

As a key parameter of heat recovery, the max. Water temperature has been studied
under the steady, reliable, and continuous operation of miners. Figure 6 presents the
variation of power, average temperature of hash boards and frequency of hash board
with different spraying coolant temperature. It can be found in Figure 6 that under a
certain spraying flowrate, the miner power consumption, hash rate, and frequency
have a very limited rising with the increase of dielectric coolant temperature (T4 in
Figure 3). It implies that the miner can deliver a constant hashing rate in parallel with

Figure 3.
Typical configurations of a digital boiler. 1 mining liquid cooling chassis, 101 miner, 102enclosure, 103 pump,
104 Filter,105 sprayer, 2 water tank kit,201 Sprial coil,202 relief valve,203 air purger, 204 liquid level
controller, 205 supply water line,3 water replenishing kit, 4 dry cooler.
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stable thermal output. The average temperature of hash boards read from
Whatsminer-M3x&M5x firmware has a linear trend with the dielectric coolant tem-
perature. At the 45°C spraying dielectric coolant temperature (T5 in Figure 3), the
temperature differential between the hash board and dielectric coolant is 10.17°C; At
the max. Spraying dielectric coolant temperature of 65°C, the temperature differential
between the hash board and the coolant is 8.50°C. Lower temperature differential at
higher dielectric coolant temperature can be attributed to the viscosity reduction
under higher spraying dielectric coolant temperature, which is a positive factor to
elevate the dielectric coolant temperature further. To avoid triggering the auto fre-
quency throttling mechanism for internal temperature protection [29], spraying cool-
ant temperature is set as 65°C with safety tolerance for this miner without sacrificing
its reliability.

Figure 7 reveals the trend of spray coolant temperature (T5 in Figure 3) and hash
board temperature as the function of coolant flowrate. The temperature differential
between spraying coolant and hash board will reduce with the increase of coolant

Figure 4.
Drawing of digital boiler.
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flow. For example, the temperature differential between spraying coolant and the
hash board no.2 is 10°C at the flow rate of 25 L/min and decreased to 6°C at the flow
rate of 45 L/min. It can be attributed to the compound effects of viscosity reduction
under higher temperatures and the flush velocity increase with more coolant. This
trend implies a possible approach to elevate the coolant temperature further. In
addition, it can be found that with the increased coolant flow to 45 L/min, max. 70°C

Figure 5.
Real image, and sections of digital boiler.

Height
(mm)

Diameter
(mm)

Weight
(kg)

Nominal
volume (L)

Water inlet/
out (inch)

Insulation
layer (mm)

Electrical energy
input (kW)

1950 600 114 190 ¾ NPT 50.8 3.4

Table 1.
Digital boil performance as a residential water heater.
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coolant temperature can be achieved with a hash board temperature under 80°C due
to the minimized temperature differential by enhanced spraying momentum. This
high coolant temperature can not only provide high exergy output for high-grade heat
recovery but also provide the capability to kill the legionella in the water system
within minutes. To minimize the legionellosis risk for building water systems has been
defined compulsorily by ASHARE and CDC as a national code [30–33]. Reviewing the
maximum temperature achieved in previously published single-phase dielectric liquid
cooling solutions [7–9, 34, 35], 50°C can be considered a record that cannot meet the
primary safety requirements of a building water system.

Figure 6.
Variation of power, average temperature of hash boards and frequency of hash board with different spraying
coolant temperature.

Figure 7.
Variation of hash boards’ temperature with different spraying coolant flow rate.
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Reviewing the evolution of district energy technologies [36], the operation tem-
perature categorized by International Renewable Energy Agency is dropping from
approx. 200°C of First-generation district heating which was based on the steam
system, and transferred by steam pipes in concreted ducts during Y1880–Y1930, to
the range of 50–70°C of Fourth generation district heating which is based on the smart
energy during Y2020–Y2050, including an optimum interaction system of sustainable
energy sources, intelligent distribution system, two-way energy reservoir, and end
consumption. From Marco and quantitative perspective, the renewable share in global
district heat will be increased from 8% (30.64EJ) in Y2017 to 77% (270.27EJ) in
Y2050, renewable share in electricity will be increased from 25% (95.75EJ) in Y2017 to
86%(301.86EJ) in Y2050 respectively. Refer to global trends in internet traffic, data
center workloads, and data center energy use [37, 38], the global energy consumption
by the data center in Y2030 will be 11.52EJ, which could provide 9.4% district heat
load to Forth generation district heating directly as renewable energy, if the medium
temperature reclaimed from datacenter into district heating network could catch up
the range of 50–70°C. Regarding the transmission network losses, output medium
temperature from the data center higher than 60°C can be considered as the bottom
line to ensure the seamless integration with the Fourth general district heating net-
work. The infrastructure of district heating can be merged with that of the data center
as an integrated energy complex. From the micro perspective, the heat pump is one of
the most energy-efficient and environment-friendly options to boost the low-grade
thermal energy from the data center, COP of the heat pump booster under tempera-
ture lift 45°C can exceed 5.6 with some low GWP synthetic refrigerants, i.e. R1234ze
and R1234zd. Their optimal working range to achieve high COP is 55–65°C evapora-
tion temperature [39]. ORC is a thermal-electrical recovery for low-grade waste heat.
The higher the water temperature is, the higher the cycle efficiency can be achieved.
From either macro or micro perspectives, elevating the outlet temperature from the
data center is a key to not only determining the system efficiency technically but also
impacting the capital investment and revenue return economically. 60°C as the
medium outlet temperature of data center heat recovery can be considered the
reference temperature technically and financially.

5. Exergy efficiency analysis

The exergy [40] refers to the availability or quality of a thermodynamic system to
a specified reference and is related to the first and second laws of thermodynamics.
The availability of a thermal system is zero when in balance with the reference
conditions. The physical exergy definition is given in Eq. (4) where hi and ho refer to
the specific enthalpies and si and s0 refer to the specific entropies of ith point and dead
state conditions and T0 is the dead state or ambient temperature. The exergy factor of
mechanical energy and electrical energy is 1.0 [41].

exi ¼ hi � h0 � T0 � si � s0ð Þ (4)

The curve in Figure 8 is the specific exergy of hot water under the condition of
1 bar pressure and variable temperature. The specific exergy at 50°C hot water (Point
1) is 4.19 kJ/kg, which is half of the specific exergy at 61°C (Point 2). It means the
exergy recovered in this design is twice as much as the exergy in the current com-
mercial liquid immersion system. The slope of this curve indicates the increasing ratio
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of exergy at the higher temperature is much larger than that at the lower temperature.
This characteristic reveals the essence to pursue high-grade heat recovery.

Power usage effectiveness (PUE), a concept based on the first law of thermody-
namics, is a ratio that describes how efficiently a computer data center uses energy;
Specifically, how much energy is used by the computing equipment in contrast to
cooling and other overhead that supports the equipment, which was published in 2016
as a global standard under ISO/IEC 30134-2:2016. An ideal PUE is 1.0, given that Non-
IT Facility Energy is zero, refer to Eq. (5). Anything that is not considered a comput-
ing device in a data center (e.g., lighting, cooling, etc.) falls into the category of
facility energy consumption.

PUEen ¼ TotalFacilityEnergy
ITEquipmentEnergy

¼ 1þNonITFacilityEnergy
ITEquipmentEnergy

(5)

Since Total facility energy and IT equipment Energy are supplied in the form of
electrical energy, the exergy factor of electrical energy is 1. Eq. (5) can be recast as
follows:

PUEex ¼ TotalFacilityExergy
ITEquipmentExergy

¼ 1þNonITFacilityExergy
ITEquipmentExergy

(6)

Regarding the exergy in the reclaimed thermal energy, the Non-IT Facility Exergy
can be offset partially. The definition of PUEex in Eq. (6) involving the heat recovery
will be

PUEex ¼ TotalFacilityExergy � Exergyinreclaimedheat
ITEquipmentExergy

¼ 1þNonITFacilityExergy � Exergyinreclaimedheat
ITEquipmentExergy

(7)

The exergy efficiency of the heat reclaim system will be defined as

Ere ¼ Exergyinreclaimedheat
Totalfacilityexergy

(8)

Figure 8.
Exergy in hot water under different temperatures @ 1 atm.
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Table 2 lists the testing results and derivative calculation of this prototype. The
miner consumes 3.3 kW electrical energy at its nominal hash rate. The energy con-
sumption of the circulation pump is 100 W. PUE refer to Eq. (5) would be 1.03. Total
input exergy from electrical energy within 1 hour is 12225.6 kJ. Regarding the heat
recovered from the miner, the specific exergy in the hot water at 63.23°C@1 atm is
9.62 kJ/kg obtained in Figure 8. The total reclaimed exergy at the hot water supply
flow of 103.5 kg/h during its first hour of running. Based on Eqs. (6) and (8), PUEex
and Ere will be 0.95 and 8.16% respectively. The conventional PUEen is 1.03, in
contrastPUEex is less than one with consideration of reclaimed exergy. As far as the
rate of energy reuse is concerned, PUEex can be considered as a better index than
PUEen due to its characteristic energy-quality measures.

6. Conclusions

A water heater with the heating element as a bitcoin miner has been designed and
built, in which the single-phase dielectric coolant has been sprayed on the hash boards
and coupled heat sinks of the miner in steady conventional submerge. By avail of the
spray momentum, the resultant heat transferring has been enhanced and validated by
increased Nu in theory and up to 70°C outlet coolant temperature in the test. The
temperature differential between coolant and hash board is controlled as lower as 10°C,
by which the energy grade to be recovered from either centralized or decentralized
mining operations has been elevated largely. From the perspective of the first law of
thermodynamics, the liquid spray cooling circulation can extract the heat from miners
and transfer the energy to the exterior with minimal losses. From the perspective of the
second law of thermodynamics, the quality of thermal energy reclaimed in the miners,
as the monotonically increasing function of the output medium temperature, has been
elevated to the extent that the district heating system can be integrated seamlessly with
datacentre cooling system without extra infrastructure investments, and critical
hygienic codes have also been fulfilled completely. PUE, a metric used to determine the
energy efficiency of a data center, has been reconsidered and redefined in the exergy
flow analysis, rather than the energy flow previously. From the testing results of the
prototype, PUEen is 1.03 and PUEex is 0.95. The discrepancy between them tells the
influence of reclaimed useful energy, which must be considered with the prevalence of
energy-saving thinking in the data center industry.

This study is the initial part of the synthesis energy system integrating digital
energy (energy reclaimed from extensive digital industry), fossil energy, and sustain-
able energy. Regarding the stable and unidirectional output characteristics of 7x24h
operation in the datacentre, the reclaimed thermal energy can work as the basic
component of the district heating load, which can ease the tensions in the network
caused by the fluctuating sustainable energy like wind, and solar energy. With the

Total
facility
energy
(kW)

IT
equipment
energy
(kW)

PUEen Total facility
exergy within
1 hour (kJ)

Exergy in
reclaimed heat
within 1 hour

(kJ)

IT Equipment
Exergy within
1 hour (kJ)

PUEex Ere

(%)

3.40 3.30 1.03 12225.60 997.13 11880.00 0.95 8.16

Table 2.
Exergy calculation of heat reclaim.
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quickly developing electronic industry, the upper-temperature limits of chips tend to
rise continuously. The electrical power generator based on ORC would be a good
solution to realize the electrical-thermal-electrical close loop in the data center. The
advantage of this thermal-electrical transition is the saving of access pipework to the
current heating system. However, this thermal-electrical recovery is more applicable
to large-scale scenarios. Considering the high start temperature of ORC, more studies
are required to suit the 60–70°C heat sources.

Abbreviations
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ISO International Organization for Standardization
IT Intelligent Technology
Nu Nusselt number
ORC Organic Rankine Cycle
Pr Prandtl number
PUE Power Usage Effectiveness
Re Reynolds number
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Chapter 4

Steam Heating Conundrum of 
High-Rise Buildings
Igor Zhadanovsky

Abstract

Steam/vacuum heating systems are employed in thousands of old tall buildings 
and even relatively new ones. Although considered obsolete, these systems excels any 
other in simplicity and resilience and can match modern efficiency standards after 
thorough retrofit. Efficient and simple, the NextGen vacuum heating is suggested 
for existing steam heating systems retrofit and for new installations that use modern 
technologies and materials.

Keywords: high-rise, vacuum heating, steam, retrofit, steam heating

1. Introduction

Till 1930 all skyscrapers were built in North America/US (191/188) [1]. Typical 
office towers and high-rise residential and hotel buildings were not higher than 150 
meters [2]. They were heated by steam systems, − the most convenient way to deliver 
heat to upper floors. Reliable hot water circulators were introduced in 1929, and 
quickly gained popularity because the cost of heating system installation was reduced 
drastically. It’s a reason why in this article most of the data on steam heated high rise 
buildings are of US/NYC origin, but proposed solution can be applicable for future 
high-rise construction worldwide.

In Europe a record number of skyscrapers were completed in the first decade 
of the 21st century and it appears that this record might be surpassed in the next. 
Although Europe constructed first supertall skyscrapers, European buildings gener-
ally do not exceed 250 meters. Today, the majority of European skyscrapers are office 
buildings; although in the 21st century there has been an increasingly significant ten-
dency to equalize the quantity of residential and office buildings [2]. The skyscrapers 
are changing the skylines of high populated cities - Figure 1 (NYC) and Figure 2 
(Chicago) are good examples.

The elephant swept under the rug – steam heating in high-rise buildings. Swept 
under the rug is an idiom used for something that has been hidden from the view of 
others due to embarrassment … You have all the dirt, but too lazy or lacking in time to 
find something to pick it up, so you lift the corner of the rug and sweep it under.

Today’s consensus on HVAC with the highest efficiency for tall buildings is a 
“ground source heat pump (HP) combined with hydronic piping, and smaller water 
source heat pumps for each building zone. One kilogram of water can carry over four 
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times more heat than one kilogram of air, while being pumpable and using over 800 
times less space. This makes water an ideal heat transfer medium for tall construc-
tion” [3].

Apparently, enthusiasm for heat pumps obscures the fact that the best heat trans-
fer media is steam, not water. 1 pound of condensed steam carries more heat than 25 
pounds of hot water cooled in radiators by 40°F, no pumping is required. Additionally, 
in tall buildings every 20th floor of precious space is lost for hot water pumps, which is 
a huge budget sacrifice. The choice of a HP is also questionable because HP efficiency 
drops sharply at low outside temperatures, meaning the backup system is required 
when heating is needed the most. Backup system is either an electrical resistance 
or Power Plant. HP requires 24/7/365 electricity which is produced from oil or gas 
at maximum theoretical efficiency of 35%. To circumvent such losses, free “green” 
electricity from solar and wind is asserted as todays “holy grail” to power HP.

In real life, the iconic “green” program in Germany upsurge electricity cost and 
was finally exposed as a catastrophic failure [4]. Still the public is mesmerized by 
futuristic ideas. “The growth of wind and solar power offer the opportunity to reduce 
the cost of electricity, and certainly reduce the amount of emissions. However, this 
only accounts for about 3% of the total U.S. energy use or about 9% of electric genera-
tion energy. In addition, electric generation from wind is often at the wrong time of 
the day. While there are many ways of solving these problems, solutions will not be 
easy or inexpensive. Even if there is a conversion to more electric generation from 
wind and solar, steam will still be the best means of converting electricity to a useful 
energy source for heating and process work. It simply means that the boiler will use 

Figure 1. 
The downtown New York City skyline.

Figure 2. 
Skyscrapers in Chicago.
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electricity for its energy source. The flexibility offered by steam and steam generation 
from boilers will continue to keep the use of steam in our foreseeable future” [5]. Heat 
and power cogeneration (CHP) efficiency is up to 75% and 24/7 reliability, which 
makes it an attractive option for new large/tall buildings and campuses.

Pragmatism prevailed over wishful thinking, − according to 2010 reports in 
NYC “the tradition of steam heat is so strong that even relatively new buildings have 
been found to be designed and built with steam heating systems” [6]. “28 newly 
constructed properties, totaling over 7.5 M SF (1SF = 0.0929 M2) of building area, 
installed some form of steam heat between 2000 and 2010. Most buildings above 
50,000 SF still use steam-based space heating. 72.9% of buildings have steam boilers 
fired by natural gas or fuel oil, while 10% rely on Con Edison’s district steam service. 
In other words, 81.9% of heating systems in large NYC buildings still use steam [7]. 
The propensity/partiality toward steam heating in large buildings is typical of big 
cities in the US and in Europe as well [8].

2. Solutions already tested, found inefficient but still employed

The inborn drawback of steam heating is uneven heat distribution. Steam of 2 psi 
pressure (safety limit) has to push air through multiple air vents every heating cycle in 
order to get simultaneously into each radiator hundreds feet away. That’s why ¨Dead 
Men¨ meticulously equilibrate boiler capacity, pipes and radiators sizes, pressure drop 
and heat load for each installation. As of today, efficiency and comfort in the major-
ity of these systems is ruined due to poor maintenance and reckless modifications. 
It’s a reason why steam heated buildings are typically pictured with open windows. 
Methods to overcome the problem are as follows:

Balancing using air vents [9, 10], orifices [11] and Temperature Regulating Valve 
(TRV) [12] is time, money and labor intense, resulted a modest 10–14% fuel savings 
or no savings at all, but still widely employed to supplement building envelope and 
lighting upgrade.

“Smart’ radiator cover” [13] addresses room overheating rather than the whole 
heat distribution problem, another disadvantage is switching from radiation to con-
vection heating by air which causes a significant decrease in efficiency and comfort.

Variable refrigerant flow (VRF) is today’s popular type of HP in which one 
outdoor unit can be connected to multiple indoor units. Each indoor unit is individu-
ally controllable by its user and a variety of unit styles can be mixed and matched to 
suit individual tenant requirements (e.g. high wall units, cassettes, and ducted units). 
Recent study concluded that buildings most suitable for MSHP (Multi Split Heat 
Pump) retrofits are those with high-cost heating fuel such as liquefied petroleum 
gas (propane), fuel oil and, especially, electric resistance. Buildings with natural 
gas service are less suitable. Converting from electric resistance to MSHPs saves 
approximately 30% of annualized energy- related. Converting from oil saved about 
4%. Converting from natural gas would cost about 30% more. In the Boston climate, 
converting from electric resistance to MSHPs is projected to save approximately 50% 
of annualized energy-related costs. Converting from oil saves about 3%. Converting 
from natural gas would cost 24% more. VRFs are suitable as primary heat sources in 
new well insulated construction” [14]. In old buildings (and most steam heated build-
ings are 50+ years old) a backup heating system is a must to have.
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3. Today’s best solution

Steam heating conversion into hot water heating (HWH) is considered the best 
approach for today. The take-away from the 2010 successful steam to HWH retrofit 
project on a twelve story building at 179 Henry str., NYC were summarized as follows: 
“Over the years, many of us in the New York City multifamily energy efficiency world 
have talked about how cool it would be to convert steam-heated buildings to hydronic 
heating. The problem is not one of will but one of money. Changing the boiler is 
not the big deal—it’s the heating distribution system that is the challenge. … Plenty 
of these conversions have been done in the last 20 years in buildings that were gut 
rehabs. These jobs did not always get the best boilers, or insulation in the walls, but 
they did get a more efficient heating distribution. The real challenge was to convert 
a building with steam heat, with tenants in place” [15]. The project required boiler 
replacement, core drilling the concrete deck floors (12 in all), running and enclosing 
the new piping and the heating elements. Fuel savings were 33%.

4. Examples of successful steam heating

The efficiency of a thoughtfully retrofitted steam heating system can match 
today’s standards:

• The 16-story 1893 Monadnock Building (Chicago) manages a top Energy Star 
score of 98 in spite of its age. … the brick skyscraper has cut electricity and 
gas consumption by about 33% by weather stripping, improved steam system 
automation, and the gradual installation of sensor controlled lighting [16]

• The 14-story historic Joseph Vance Building (Seattle) constructed in 1929 and retro-
fitted in 2006. For economic reasons, the project did not replace the existing steam 
heating system, but recalibrated it instead. In 2009, the hot water heating (HWH) 
awarded the Vance Building LEED for Existing Buildings (EB) Gold certification. 
The building also achieved an Energy Star rating of 98 (out of 100) [Kheir [17]].

Besides efficiency, superior comfort can be achieved by steam heating systems 
even in very old buildings (1850th), − US presidents and their spouses in White 
House and financial advisors in the US Treasury buildings would not accept anything 
but the best [18, 19]. Treasury building received a LEED Gold certification in 2011 [20]. 
These are not tall buildings, but the technology is the same.

To resume:

• There are multiple cases of worn out steam heating system successfully replaced 
by HWH resulting in a savings ranging up to 40% (usually complementary to a 
building envelope and windows improvements)

• Many times old steam heating system demonstrated superior comfort and sav-
ings in a range of 30–50% thanks to knowledgeable maintenances and tune up

• It’s strange, in almost 100 years since the HWH introduction there was no single 
study of steam heating direct comparison to HWH. There is, though, accidental 
evidence of similar fuel usage in identical buildings with HWH and well-main-
tained steam heating.
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Public fondness toward HWH is constantly fueled by complaints about noise and 
low efficiency of the steam heating system which continued functioning even after 
decades of neglect and scarce maintenance. Maybe it’s more rational to find a way 
to optimize steam heating systems performance rather than proceed with expensive 
conversions? Many of steam heating buildings are more then 70–80 years old. With 
average building life of 120 years, such conversion is economically questionable.

5. Evolved solution: nextGen vacuum heating

Vacuum heating, − another kind of steam heating, − was very popular in the 
1910th and actually preceded heat pipes concept. Heat Pipe (please, do not mistake 
it with Heat Pumps) – is the most efficient, resilient, and electricity independent 
method of heat transfer, employed in NASA spaceships since the 1970th. Basically, 
it’s a closed ends tube under vacuum where working liquid evaporates at one end and 
releases latent vaporization heat by condensing at the other end.

According to the 100 years old data on steam heating conversions into 
vacuum heating, reported fuel savings were 30–35% [21]. Instead of pushing air 
from the system by steam at 2 psi, steam is pulled from the boiler by 10–25”Hg 
(1”Hg = 0.033421 atm) vacuum at speed of up to 150 mph (1 mph = 0.44704 m/s), 
which ensures quick and even heat delivery to the farthest radiators in the system. 
Additionally, thanks to the naturally induced vacuum in the idle cooling down system 
more heat is sucked up from the boiler after the heating cycle, which would otherwise 
be lost in the steam systems. At the same time corrosion is reduced because of limited 
oxygen access into the system. On top of this, steam temperature can be regulated by 
the vacuum level in the system, so soft comfortable heat can be delivered in warmer 
weather, rather than being fixed to the 214-218°F range found in steam systems. A 
good example is the 80+ years old vacuum heating system in the iconic LEED Gold 
Empire State Building. In the 2009 retrofit, instead of replacing the old vacuum 
system by hydronic, it was successfully restored to the original design.

The vacuum return systems were widely used to speed up a cold start of steam sys-
tem heating typically in large and tall buildings. The technology was so conventional 
that the sale of more than 60,000 vacuum pumps was reported from a single leading 
supplier since 1921, with most (about 50,000) purchased prior to 1980 [22]. Most of 
these abundant systems are still around waiting for upgrade/retrofit.

Unlike Heat Pipes, today’s vacuum heating is actually a “pseudo” vacuum; the 
vacuum section of the system is separated from the section under steam pressure by 
a steam trap behind each radiator(s). These required steam traps present an ongoing 
maintenance problem. Steam traps on radiators last only 10 years at best, and are 
often ignored when they fail because of the expense and annoyance of repair. Steam 
leaking through a single failed trap (out of hundreds in tall buildings, − 6600 in 
Empire State Building) overloads the vacuum pump, condensate pump, etc. The result 
is unbalanced, noisy, and very expensive systems. Compared to many other vacuum 
systems that gave up after a multi-year struggle, Empire State Building definitely 
excels in steam traps preventive maintenance.

For existing steam/vacuum systems steam traps, this problem can be resolved by 
converting existing steam/vacuum heating into NextGen vacuum heating system. 
Observation of vapor and condensate flowing through the transparent plastic piping 
in the vacuum heating system revealed surprising insights. It turned out, the vacuum 
system can self-balance quickly and evenly with proper system design [23]. The trick 
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is to prevent steam “short passing” toward the vacuum pump. This has inspired a 
new “steam traps free”, entirely under the vacuum system paradigm [24]. Pilot study 
confirmed fuel gas savings for two different systems used to heat the same apartment 
– Table 1. Energy efficiency of the original single pipe steam system (~100 years old 
boiler, piping and radiators) was compared to the same boiler connected to new flat 
panel radiators by copper/plastic lines; the same comparison was carried later on new 
regular steam boiler. While boiler upgrade in steam system saved 16.2% energy, 32.5% 
savings were achieved in vacuum system. Up to 50% in savings was demonstrated by 
the complete retrofit from steam into a vacuum heating system [25]. In the winter of 
2014–2015 results were confirmed.

Steam heating systems in tall buildings are either 2-pipe steam or 2-pipe vacuum 
heating systems. Without any contempt for the great planning and implementation of 
the 179 Henry street. NYC project, imagine now that the same building was converted 
into new vacuum heating system:

• Old boilers, piping and radiators can be salvaged/upgraded/fixed/repaired after 
a leak tests, steam traps are either left in place or removed

• The only new equipment is a vacuum pump, steam/condensate separator (exist-
ing vacuum pump and separator can be employed), sensors and controllers

• The only new piping is the vacuum line on the second-to-last floor ceiling and 
connecting return lines to the vacuum pump (located either in the basement, on 
the roof, or designated room on the top floor).

• Plumbing and radiators may be upgraded later on when the building will go into 
gut rehab.

• Estimated fuel savings - 30-35% according to 100 years old data on steam heating 
conversions into vacuum heating [21].

This is a minor job compared to the complete replacement of existing steam boil-
ers, piping and radiators by hydronic, on the top of adding mechanical floors  

Effect of System Comparison Predicted Consumption 
(Therms)

Percent Savings

Vacuum
distribution

Old Boiler - Single Pipe Steam 1004

Old Boiler - Vacuum System 741 26.2%

New Boiler - Single Pipe Steam 840

New Boiler - Balanced Vacuum 500 40.5%

Boiler
Upgrade

Old Boiler - Single Pipe Steam 1004

New Boiler - Single Pipe Steam 840 16.3%

Old Boiler - Vacuum System 741

New Boiler - Balanced Vacuum 500 32.5%

Total Old Boiler - Single Pipe Steam 1004

New Boiler - Balanced Vacuum 500 50.2%

Table 1. 
Result of steam heating retrofit pilot study.
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(for skyscrapers higher than 20 floors), circulators, PRVs, etc.; not to mention the dis-
turbance of tenants, − the main reason why most retrofits are indefinitely postponed.

For the systems with old piping, the majority of leaks are at supply valves near the 
radiators and can be fixed. In our experience with three retrofits of residential systems 
(all are 100+ years old steam heating) no major leak was found in the pipes. Minor 
leaks from hidden inner-wall piping are inevitable, but the problem can be resolved 
by converting the steam system into a “vacuum boost” heating system. Here, steam 
quickly and evenly fills the system under vacuum, raises the pressure to 1–2 psi (to 
avoid air leakage into the system) and continues to heat the building at low positive 
pressure till the thermostat is satisfied. Retrofit into “vacuum boost” technology does 
not require frustrating efforts of leak detection and repair. For “cold” vacuum sustain-
ing test a drop from 20 to 5”Hg in 2 hours is acceptable, compared to a 20–18” Hg drop 
in 2 hours required by the Vary-Vac – the most popular today’s vacuum heating system.

Compared to HWH, leaks in a vacuum heating system are much less of a problem - no 
water flooding to the lower floors and expensive repairs. The only moving part in the 
NextGen Vacuum heating system, − vacuum pump –is never exposed to steam and is 
employed in 5–10 minutes intervals for 1–1.5 hours daily. With a 5–10 thousand hours 
warranty time and average of 4 month winter season, life expectancy is in a 37–75 years 
range until the first needed repair/replacement. Condensate is returned into the boiler by 
gravity; in case of district steam, by a designated pump.

6.  Modern technologies prospects for vacuum heating systems in tall 
buildings

6.1 Plumbing

All existing steam/vacuum heating systems employ heavy steel piping. ESB 
plumbing contains 50 miles of radiator pipes, including 24 inch (1 inch = 2.54 cm) 
risers, and 7000 cast iron radiators. Soldered copper tubing was restricted from 
steam/vacuum heating because rapid heating caused cracks in the soldered joints. 
Modern ProPress plumbing method employs no soldering, slash installation time and 
is backed by a 50-year warranty against rust, defects in material and workmanship. 
Furthermore, the piping diameter/weight is reduced drastically; also reduced is heat 
loss, the amount of condensate in pipes, and heating time compared to steel piping. 
In the NGRID study, the 2 ½” steel pipe at the steam boiler exit was replaced by a ¾” 
copper tube – this resulted in an 11.5 fold drop in price and 16 fold drop in weight 
(please note this also corresponds to a 16 fold drop in the system preheating time and 
condensate amount).

Another plumbing option is thermoplastic piping, − no rust, easily glued, quickly 
assembled, and leak-proof. An Aquatherm polypropylene piping system operates at 
temperatures up to 200°F (93°C) at 15–100 psig (1–6.8 atm), so technically it should 
handle saturated water vapor at 6”Hg/200°F (93°C) without any problem. Like 
Propress, Aquatherm is backed by a 50 year warranty, and available at larger diam-
eters (up to 300-600 mm). Polysulfone thermoplastic is already approved for low 
pressure steam systems in the US – up to 230°F at 15psig, it can be welded, sawed, and 
glued like Polyvinyl Chloride plumbing.

Clamped silicone/rubber fittings can be utilized for plastic piping; additional 
benefits include easy assembly/disassembly/repairs/adjustment, compensation 
for thermal expansion/contraction, and noise reduction. A polysulfone tube with 
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clamped silicon fittings worked in a tested vacuum heating system for 3 winters 
without any problem. Liquid Crystal Polymers with heat deflection temperature of 
290C can be utilized at higher temperatures.

Modern methods of leak detection allow annual proactive testing to find new leaks 
and keep the system operational for many years. Needless to say, thermoplastic piping 
with no rust/oxidation problems is of low maintenance and easy to repair.

6.2 Cast aluminum radiators

In steam heating systems pipes accounted for 30–35% of the total system weight 
and have to be reheated to 214°F every heating cycle. To reduce the heat loss of pipe 
reheating, heavy radiators are employed to accumulate heat. This archetype can be 
dismissed if much lighter copper or polymer piping is utilized.

Modern cast aluminum radiators present a much less expensive, lightweight 
alternative, they are slim, modern looking, have a modular design (length adjustable) 
and warrantied for up to 20 years at a pressure 7 atm [SIRA]. Such radiators by SIRA 
have been working problem free in a tested vacuum heating system since 2015 [26].

6.3 New control paradigm

Presently, vacuum heating systems control heat distribution via control valves on 
the supply lines. These are expensive items because of steam rating and large pipes 
diameters. Instead, the new technology employs control valves on smaller diameters 
vacuum lines in order to direct steam into the required system partitions. Normally 
open valves close when the vacuum line temperature rises above 30-40°C and are 
never exposed to hot vapor so a long life span is expected. Closed valves prevent air 
removal from a particular radiator(s), and therefore result in only partial heating 
(similar to TRV operation). Heat distribution and a sequence of heat supply into 
system partitions can be dynamically controlled.

Instead of radiators, air handlers on every floor and heat exchangers for dis-
tributed hydronic subsystems can be employed in new installations. Compared to 
hydronic only system, a significant size reduction of air handlers and heat exchangers 
can be achieved due to higher steam specific heat capacity, linear velocity and better 
heat transfer. Vacuum heating system plumbing for such “hybrid” systems would be 
simplified and heat distribution would be controlled easier. An additional benefit 
would be the possibility of per floor/apartment heat consumption metering in distrib-
uted subsystems, which is problematic in steam/vacuum systems.

6.4 Cogeneration heat and power (CHP) benefits and geothermal outlook

Steam/vacuum heating can be readily integrated into CHP, the most reliable and 
efficient electricity and heat source. In high efficiency power plants, a steam turbine 
exit is connected to a condenser to extract maximum electricity. The vacuum in a con-
denser is created via steam condensation by cold water. If the building vacuum system is 
connected instead of a condenser, this additional electricity would be received without 
steam and cold water expenditures, cooling tower, pumps, etc. In summer time, any 
excess steam of high temperature can be utilized in an adsorption cooler on the roof 
(more efficiently than hot water). Again, no electricity wasted on pumping water.

Steam is a by-product of untapped green technology - geothermal heat. “2000 
times US annual energy use could be supplied indefinitely 24/7 using existing 
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Engineered Geothermal Systems (EGS) and perhaps 10 times as much with improved 
technology” [27]. At 5.5 km depth, 175-225°C heat source can be reached on the most 
of the US west part, and 100-150°C on the east part. A mature EGS can supply enough 
electricity for 800 to 41,000 average U.S. homes or dozens high-risers. The $5-10 M 
cost of drilling (4 and 6 km deep well, correspondingly) [28] is not an outrageous 
expense for reliable heat and power source compared to $7-20 M average floor price 
tag for high-rise in Chicago and NYC [29]. At 500% efficiency [30] this opportunity 
dwarfs the promises and attractiveness of HP, wind and solar power.

7. Conclusion

The US is not alone in dealing with steam heating upgrades, steam is also widespread 
in Europe [8] and China [31]. Worldwide there are thousands of steam heated build-
ings, including high-risers, which would benefit from a simple, efficient and reasonably 
inexpensive conversion into vacuum heating. Modern plumbing technology and materi-
als makes vacuum heating a very attractive choice for new installations as well.

It’s not unusual that old technology gets a second chance thanks to the progress 
in knowledge and materials. In 1893, electric cars lost the Paris-Rouen race and they 
have made a magnificent comeback since then. Who is to say that will not happen to 
vacuum heating technology for new buildings, especially skyscrapers?
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Abstract

Rising global temperature has triggered the cooling demand in the last three
decades with growing predictions for the future. The use of conventional energy-
intensive and high global warming chemical-based cooling systems is working in a
loop, increasing the global warming rate, emissions, and cooling system inventory.
Therefore, the development of an innovative cooling system with high energy effi-
ciency, low monetary cost, and environmentally sustainable. The indirect evaporative
cooling-based systems have shown potential to serve the purpose because of low
energy consumption, absence of energy, and cost-intensive equipment like compres-
sors and water-based operation. A novel indirect evaporative cooler based on an
innovative operational configuration is proposed, fabricated, and tested experimen-
tally. The Proposed system has several advancements compared to the conventional
indirect evaporative coolers like high operational reliability, low maintenance, and
better control of the processes in the system. The study shows that the proposed
system can achieve a temperature drop of as high as 14°C. The maximum cooling
capacity of the system is calculated as 110 W, and the cooling performance index of
28. The performance of the cooler improves with increasing outdoor air temperature
which makes it suitable for diverse climatic conditions. Moreover, the proposed
design offers several benefits due to novel operational configurations by addressing
limitations in the earlier systems.

Keywords: advanced evaporative cooler, humidity-controlled cooling, cleaner air
conditioning, sustainable development, cooling systems

1. Introduction

A remarkable surge in the global energy demand has been seen in the recent past
because of an exponential rise in population, urbanization, and economic growth [1].
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Moreover, the improving lifestyle is also contributing significantly to the energy
consumption to maintain human comfort [2, 3]. The worldwide energy demand is
estimated to rise to 850 quadrillions Btu by 2050 from merely 500 quadrillions Btu in
2010 indicating around a 50% rise in 4 decades [4]. Particularly, the situation is
alarming for developing countries that will face a tremendous surge of around 71%in
the energy demand compared to the developed countries with 18% [5, 6]. Building
energy consumption is of critical importance in the overall energy consumption sce-
nario because of the major share and diverse necessary activities [7]. The common
among these are human thermal comfort, cleaning, cooking, food preservation, light-
ening, etc. Despite the wide range of activities taking place in buildings, the overall
energy consumption can be classified into 6 different types as shown in Figure 1
[8, 9]. For commercial and residential buildings, the energy consumption is as follows:
heat ventilation and air conditioning 36–40%, lighting 12–20% hot water supply 9–
13%, electronics 8–15%, refrigeration 5–7%, cooking 4–5% and others 8–18% [10, 11].

Meanwhile, the demand for air conditioning is also increasing continuously and
the global air conditioner inventory is expected to cross 5600 million by 2050 from
merely 1600 million units reported in 2016 [12]. The corresponding energy consump-
tion and emission are also expected to surge to 6200-Terawatt hour and 170 Gigatons
by 2050 [13]. The use of conventional vapor compression chillers is one of the major
reasons for these high energy demands. This is because these systems have very low
energy efficiency, which is low efficiency, and involve high global warming potential
refrigerants for cooling [14]. Meanwhile, their performance has not seen any consid-
erable improvement in the last 30 years with a stagnant coefficient of performance
(COP) of 3–4. This is because of rigid temperature lifts (5 to 7°C) across the evapora-
tor and condenser which require a high input energy compressor [15]. Moreover, high
global warming potential chemical refrigerants are used for compression and expan-
sion in the system for cooling with high chances of leakage due to elevated pressure
operation. These problems cannot be abandoned in conventional operational
schemes. So, an innovative system is required to achieve a breakthrough in the cooling
sector [16].

Figure 1.
Building energy consumption distribution [8–10].
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One of the lucrative options for the above-mentioned problems emerged is the
indirect evaporative cooling system [17]. It uses a water-based cooling mechanism and
does not involve any hazardous chemical refrigerant [18]. Moreover, it does not
involve any high energy consumption compressor. Rather these systems use fans for
air movement through the system and pump for water supply [19, 20]. In these
systems, the hot outer air is cooled using cold wet air (water-air mixture) in two
different channels. The channels are separated by thermally conductive impermeable
walls which only allow heat exchange between the air streams without any moisture
exchange. Therefore, these systems produce cold dry air using air and water through
evaporation [21, 22].

These systems have been extensively studied by the research community from an
experimental and theoretical viewpoint. For instance, multipoint air injection in IECs
improved the cooling performance by achieving an additional 2 to 3°C temperature
drop by achieving COP as high as 78 for cooling [23]. Likewise, the enhancement of
heat transfer plates through protrusion was reported to enhance the IEC performance
achieving wet bulb efficiency up to 85% [24, 25]. Chua et al. [26] investigated a felt-
assisted IEC with a cross-flow heat exchanger and showed that the cooler can achieve
wet bulb efficiency of 90%. Similarly, Duan et al. [27] developed a compact heat
exchangers based counter flow IEC. They reported the performance characteristics of
the system in terms of wet bulb efficiency up to 107%, cooling capacity up to 8.5 kW,
and energy efficiency ratio up to 20. They also improved the system efficiency and
energy efficiency ratio by 30% and 40%, respectively by enhancing plates with cor-
rugations [28]. Similarly, finned channel-based systems have also shown promising
performance with wet bulb efficiency as118–122% and dewpoint effectiveness of 75–
90% [29]. Cui et al. [30] investigated the hybrid air conditioning system with IEC and
reported the COP as 14.2 for cooling.

Besides experimental studies, the theoretical analyses of IEC systems have also
shown considerable performance improvements through design and operational
modifications. For instance, Oh et al. [31] studied the effect of purge configuration on
regenerative type IEC performance. They reported the maximum cooling perfor-
mance at 35% purge ratio with a dew point efficiency of 58% and cooling capacity of
59 W. Similarly, Pandelidis et al. [32] showed that the performance of regenerative
IEC systems can be improved through additional perforations, particularly at higher
air flow rate ratio > 45%. Riangvilaikul et al. [33] showed that the Polyurethane based
IEC system showed promising performance by achieving dewpoint efficiency of 65–
87% and the wet bulb efficiency 106–109%. Wang et al. [34] optimized a dewpoint
regenerative type IEC based on the entropy principle. The optimal values for velocity,
heat exchanger length, channel gap, and airflow rate ratio were reported as 1.0 m/s,
1–1.75 m, 3-5 mm, and 30–40%, respectively. Jradi et al. [35] optimized the dew point
cooler for maximum wet bulb efficiency of 112%, and dewpoint efficiency of 78%.
The optimal channel gap and heat exchanger length under considered operating
conditions were reported as 5 mm and 500 mm, respectively. Similarly, Adam et al.
[36] optimized the cross-flow IEC and reported the supply air temperature as 24°C
and wet bulb efficiency as 92%. and TPA,o = 24°C. Some other efforts include the study
of the effects of condensation in the dry channel [37], wettability enhancement in the
wet channel [38], and improving heat transfer characteristics of heat exchangers [39].

The literature review shows that indirect evaporative coolers are a capable substi-
tute for compression cooling systems because of promising performance from tem-
perature drop, efficiency, and COP. Therefore, an innovative indirect evaporative
cooler with a novel operational configuration is proposed and tested experimentally.
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The proposed system has several advancements like simple construction, separate
control for the air-water mixing process, fewer maintenance requirements, and better
control of sensible and latent heat transfer processes. The current study analyzes a
generic cell of the system which can be used to develop the design metrics for
commercial-scale expansion of the proposed idea.

2. Proposed system

2.1 Design concept

The current system consists of the following major components: a heat exchanger
(HE), a mixing chamber (MX), fans, a water pump, and nozzles as shown in Figure 2.
The heat exchanger consists of three identical channels designated for supply air (1
middle channel) and working air (2 side channels). The channels are constructed
using a conductive impermeable wall. Spacers are used to maintain the required
channel gap to avoid sheet bulging at high air flow rates. The mixing chamber is
constructed using acrylic sheets. The chamber is equipped with water spray systems
(nozzles, pump, and supplementary water float inlet), and working air manifolds. The
sump of the humidifier contains water that is used in a recirculation manner for
cooling the working air. As the water is consumed during evaporation, the supple-
mentary water is fed to the system from the reservoir through a float-controlled valve.
Besides, the system is also equipped with two axial fans for product air and working
air supply. The working cycle of the system is presented below.

In the proposed system the hot outer air undergoes sensible cooling (1 to 2) in the
middle (dry) channel of the heat exchanger. The outdoor air flows from the bottom of
the channel to the top. An axial fan is employed to maintain the required flow rate and
overcome the channel frictional pressure drop. This air stream rejects the heat to the
working air in the two side channels flowing in the counter-current direction (from
top to bottom). While the working air stream first enters the mixing chamber (as hot
outer air) where it is mixed with fine water mist generated using atomizing nozzles.
This air-water meshing causes the hot air to release its heat through evaporation and
gain high humidity (100%) (1 to 3). This cold humid working air carrying fine water
particles enters the heat exchanger and extracts heat from the dry channels. The
humidity drops and the temperature rises as the working air moves along the heat
exchanger because of latent and sensible heat transfer respectively (3 to 4). The
product air (dry and cold) is supplied to the conditioned space and the working air
(hot and humid) is discarded to the outer environment.

2.2 Experimental test rig

Based on the above-presented design concept, an experimental test rig was devel-
oped as shown in Figure 3. Different components of the system are labeled as, A: heat
exchanger, B: mixing chamber, C: outer air inlet to heat exchanger, D: product air
outlet, E: air inlet to MX, F: working air inlet to HE, G: working air outlet, and H:
atomizing nozzles. The heat exchanger was constructed using 0.025 mm thick high
thermal conductivity (235 W/m K) Aluminum sheets. The channel gap was
maintained at 5 mm using closed foam spaces. The acrylic sheets were used to support
the heat exchanger structure and act as adiabatic walls for working air channels. The
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Figure 2.
Schematic diagram of the proposed system.
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inlet and outlet manifolds of the heat exchanger were developed using an in-house 3D
printing facility. The design characteristics of the system are summarized in Table 1.

A real-time data acquisition system is used to monitor and record temperature data
during experimentation. For this purpose, dry and wet bulb temperature sensors are
installed at different locations in the system. General purpose thermistor probes are
used for temperature measurements. For wet bulb temperature, the measuring station
is developed using high capillary action felt material with a continuous water supply.
Meanwhile, the flow rates in the system are measured using a hot wire anemometer
(Testo 405i) at product air and working air outlets.

Parameter Value

Heat exchanger length, mm 1000

Heat exchanger width, mm 300

Heat exchanger wall thickness, mm 0.025

Channel gap, mm 5

Mixing chamber height, mm 800

Mixing chamber width, mm 400

Mixing chamber length, mm 400

Table 1.
Geometric characteristics of the system.

Figure 3.
Experimental test rig front and side view.
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Detailed experimentation of the developed system was conducted to capture
the performance picture of the system. For this purpose, the system is operated at
varying outdoor air temperature conditions. The process parameters considered in the
study are presented in Table 2. The instrumentation details are summarized in
Table 3.

2.3 Performance assessment

The performance of the cooler is measured in terms of heat extraction
(cooling) capacity from the product air stream as it moves along the heat exchanger
from 1 to 2. It is calculated in terms of airflow rate, specific heat, and temperature
drop [40, 41].

_Q1�2 ¼ _mPA cp T1 � T2ð Þ (1)

The heat rejected by the dry channel air stream during processes 1–2 is taken by the
working air stream in the wet channel (3–4) as a combined latent and sensible heat.
This heat transfer process is given as:

_Q1�2 ¼ _Q3�4 ¼ _mWA cp T4 � T3ð Þ þ _mvapor λfg (2)

The cooler performance is also measured in terms of the cooler performance
indicator (CPI) which is the ratio of cooling produced to the energy consumed [42].

CPI ¼
_Q1�2
_Einput

(3)

Parameter Value

Outer air temperature, oC 29–43

Outdoor air humidity, g/kg 10

Outer air velocity, m/s 2.5

Working air velocity, m/s 2.5

Working air humidity, g/kg 18

Table 2.
Process parameters.

Parameter Description Accuracy

Temperature General purpose thermistor probes (by OMEGA) �0.15°C

Velocity Hot wire anemometer (by Testo 405i) �0.1 m/s

Humidity Wet bulb measuring station (by OMEGA and customized) �0.15°C

Data logging Agilent Benchlink 34790a

Table 3.
Instrumentation details.
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The energy consumption is calculated in terms of fan energy and pumps energy
used to maintain the required air and water flow rates, respectively. It can be used in
terms of fluid flow rate, pressure differential, and component efficiency [43].

_Ein ¼ _Eblower þ _Epump ¼
_VairΔPHE

ηblower
þ

_VwaterΔPwater

ηpump
(4)

The pressure drop in the heat exchanger channels is calculated in terms of friction
factor, channel length, flow velocity, and equivalent diameter [40, 44].

ΔPch ¼ f
L
Dh

ρV2
air

2
(5)

The fan and pump power are calculated using pressure drops of air and water with
corresponding flow rates. The maximum power input calculated is 4 W which is
constant for all operating conditions.

The above equations are valid under the following standard assumptions.

• Steady-state performance

• Negligible heat leak to-and-from the system

• The heat rejected by the product air stream is absorbed by the working air stream

• Supplementary water is fed at a constant temperature equivalent to a wet bulb
during longer operational times

• Pressure drop in connections and manifold is negligible

3. Results and discussion

The performance of the proposed indirect evaporative cooler was investigated in
terms of temperature drop, cooling capacity, and cooling performance index. The most
important parameter in indirect evaporative coolers is the supply air temperature. This
is because all other performance indices are governed by the supply air temperature.
For this purpose, the cooler was tested under different outdoor air conditions to record
the supply air temperature trend for 4-to-5-hour continuous operation. Figure 4 shows
the typical product air temperature trends for an outdoor air temperature of 40� 0.5°C.
It shows that the product air was obtained at a uniform temperature of 25 � 0.5°C. It
implied the steady cooler performance during the whole operational time producing the
uniform cool product air. Therefore, the cooler is suitable for continuous longer opera-
tions without the development of any longitudinal heat conduction effect or heat
storage in heat exchanger walls. The visual inspection during experimentation shows
the mist evaporation on the walls which extracts heat from the wall thus keeping it at
the same temperature. Meanwhile, it is also important to emphasize that the product air
was supplied at constant absolute humidity of 10 g/kg because of sensible cooling.

The temperature trends for the working air stream are shown in Figure 5. It is
observed that the hot outer air entered at 40 � 0.5°C in the mixing chamber. It was
cooled to the wet bulb temperature of 23 � 0.5°C by mixing with water mist. During
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mixing the working air achieved 100% relative humidity (ω = 18 g/kg). This cold and
humid air then enters the heat exchanger and extracts heat from the product air
stream. Figure 6 shows the temperature trends for working air at the heat exchanger
inlet and the product air at the heat exchanger outlet. It showed that the cooler
performed close to wet bulb temperature with a maximum temperature differential
across the air streams of 2–3°C thus giving the highest cooling performance.

Figure 4.
Product air temperature trend.

Figure 5.
Working air temperature trend.
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The performance of the cooler in terms of product air temperature at different
outer air conditions is presented in Figure 7. It shows that the product air temperature
increased as the outer air inlet temperature increased. A temperature rise of around 7°
C (from 22.6 to 29.3°C) was observed for the outer temperature rising from 29 to 43°
C. It suggested that the cooler can be used for any other higher or lower outer air
temperature conditions with slight variation in the product air temperature. However,
it is also important to emphasize that the variation in product air temperature is less

Figure 6.
Product air and working air temperature trend.

Figure 7.
Product air temperature trends at different outer air temperatures.
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compared to the outer air conditions. It showed the performance of the cooler close to
the wet bulb temperatures for all the operational conditions.

The effect of outer air temperature on the cooling capacity is presented in Figure 7.
Correlated to the temperature drop, the cooling capacity of the cooler was observed to
be increasing with the increasing outer air. For instance, the cooling capacity varied
from 50 W to 110 W as the outer air temperature increased from 29 to 43°C. This
increase in cooling capacity was achieved due to increasing temperature drop at
higher outer temperature conditions. Similarly, the cooling performance index at
different outer air temperature conditions is presented in Figure 8. It showed that the
cooling performance index increased at higher outer air temperature conditions. The
increase in CPI was due to an increase in the cooling capacity. For instance, the CPI
increased from 13 to 28 as the outer air temperature increased from 29 to 43°C.
Meanwhile, it is also worth mentioning that the power input was considered constant
for all the cases because of the fixed pump and fan installation. However, less power is
required (theoretically) at lower outer air conditions because of low water require-
ment and less working air velocity. Therefore, intelligent system control regulating
the air and water supply commensurate to the outer air temperatures can offer the
same higher CPI at lower outer air temperature conditions (Figure 9).

Besides promising energy performance, the proposed system also resolves the issue
of high humidity in conventional water-based cooling systems. The outlet of the system
for all operating conditions remains within the comfortable zones recommended by
ASHRAE (Winter: RH = 75%, T = 21°C, Summer: RH = 53%, T = 27°C) and ISO (Winter:
RH = 30–70%, T = 23°C, Summer: RH = 30–70%, T = 26°C). So, the issues associated
with high humidity are eliminated while using the proposed system. One of the issues in
this regard is Legionnaires which commonly occur due to airborne water droplets. It is
important to emphasize that the supply air in the proposed system does not interact

Figure 8.
Cooling capacity at different outer air temperatures.
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with water during any operational stage. Therefore, there is no chance of mixing water
droplets with the supply air stream and associated problems. Moreover, the working air
can be used for beneficial use like hydroponics or water harvesting to further mitigate
the potential issues with wet air delivery to the ambient.

The system is also convenient to integrate with the building particularly using the
existing ducting network. This is because the system provides cool dry air at the
required temperature as a single outlet. The outlet of the system can be connected to
the ducting network in the buildings to supply air at different points. The duct fans
can be used to facilitate air delivery at the required points by overcoming the pressure
drop in ducts. It is also important to mention that in industrial-scale systems with
high-velocity air delivery, the velocity of air is managed in the distribution duct to
achieve the required comfortable range of supply air velocity as per ASHRAE
standard 55.

4. Concluding remarks

An innovative indirect evaporative cooler is developed and tested experimentally.
The proposed design is aimed to resolve the critical issues from manufacturing and
operational viewpoints. The salient features of the proposed system are simple con-
struction, low manufacturing, less maintenance, high operational reliability, and
competitive cooling performance. The major outcomes of the study are summarized
below.

• The system showed stable performance by cooling the product air to 25 � 0.5°C
from an outer air temperature of 45 � 0.5°C.

Figure 9.
Cooling performance index at different outer air temperatures.
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• The product air temperature showed an increase of 7°C from 22.6 to 29.3°C as the
outer air inlet temperature increased from 29 to 43°C. It suggested that the cooler
can be used for any other higher of lower outer air temperature conditions with
slight variation in the product air temperature.

• Correlated to the temperature drop, the cooling capacity of the cooler was
observed to be increasing from 50 W to 110 W with increasing outer air from 29
to 43°C. This increase in cooling capacity was achieved due to increasing
temperature drop at higher outer temperature conditions.

• The cooling performance index increased at higher outer air temperature
conditions due to an increase in the cooling capacity. The CPI increased from 13
to 28 as the outer air temperature increased from 29 to 43°C.

Overall, the system showed promising performance with a maximum temperature
drop of 14°C, a maximum cooling capacity of 110 W, and a maximum cooling perfor-
mance index of 43°C. Meanwhile, the system supplied product air within the ASHRAE
comfortable range for all the considered operational conditions. In addition to com-
petitive performance, the system also addressed the limitations of the conventional
systems through rearrangement and retrofitting of the component. Therefore, the
proposed system can be a lucrative option for industrial-scale expansion of indirect
evaporative coolers.
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Nomenclature

A heat transfer area, m2

cp specific heat
_E energy, W
f friction factor
_m mass flow rate, kg/s
P pressure, pa
_V volume flow rate

Greek Symbols

Δ change in quantity
λ enthalpy
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Subscripts

i inlet
o outlet
OA outer air
PA product air
WA working air

Abbreviations

CPI cooling performance index
IEC indirect evaporative cooler
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