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a b s t r a c t

An assembly of two vertical axis wind turbines (VAWTs) and an enclosure is installed above a cooling
tower to harness the discharged wind for electricity generation. The enclosure consists of guide-vanes
and diffuser-plates, is used to enhance the rotational speed of the turbines for power augmentation.
The angle of the guide-vanes is optimized to ensure the oncoming wind stream impinges the rotor blades
of the turbine at an optimum angle. The diffuser-plates are tilted at an optimum angle to increase the
discharged airflow rate. The performance of the system is tested in the laboratory followed by a field test
on an actual size cooling tower. The VAWT performance is increased in the range of 7–8% with the
integration of enclosure. There is no significant difference in the current consumption of the fan motor
between the bare cooling tower and the one with installed VAWTs. With the presence of this system,
approximately 17.5 GW h/year is expected to be recovered from 3000 units of cooling towers at commer-
cial areas, assuming the cooling tower is driven by a 7.5 kW fan motor and operates 16 h/day. This
amount of recovered energy can also be translated into 13% reduction in CO2 emission.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

World energy demand has shown a remarkable increase over
the past century due to population growth and economic develop-
ment. Currently, there are 7.1 billion people in the world [1]. In
2008, world primary energy consumption from all sources was
recorded at 514 EJ (EJ is exajoule = 1018 J) and 80% of it was gener-
ated from fossil fuels. It is projected to increase to 1000 EJ or more
by the year 2050 [2]. Due to the uncontrolled population growth,
the increase in fossil fuel consumption for energy generation is
inevitable. However, the overconsumption of fossil fuel brings
harmful impacts on the world’s climate due to greenhouse gas
(GHG) emissions. GHGs are the main contributor to anthropogenic
climate change and it poses significant risks for human health, wel-
fare and natural ecosystems. Two thirds of the anthropogenic
GHGs emission is accounted by the energy related emission since
all energy systems emit GHGs [3]. Taseska et al. have reported that
the GHGs emission associated with energy demand is tabulated
with the value of 6406 kilotonnes CO2 equivalent in the year
2025 (which is an additional compared to year 2008) [3].

In order to reduce the dependence on fossil fuels for energy
generation, renewable energy (RE) plays a critical role in reducing
the GHGs emission leading the world toward fossil fuel indepen-
dence. RE is important for sustainable development since it is
natural, replenishable and has great potential for cost reduction,
as opposed to the rise in fossil fuel prices. Recently, intensive
researches have been done on improving the efficiency of the RE
resources with the aim of converting the present energy systems
into 100% RE electricity systems. Wind energy is the second biggest
source of RE after solar energy. It is the fastest growing RE source in
the world with an annual growth rate of 30% [4]. The share of wind
energy is 14% at the global scale on the total mid-term RE resources
potential and this value reflects its maturity in technology [5].
However, the uncertainty in wind energy is the main problem in
matching the increasing demand for RE. The operation of wind
power is susceptible to changing wind patterns resulting from
climate change [6]. Thus, an efficient method is strongly demanded
to harness the uncertain wind energy.

2. Concerns for installation of an on-site energy generation
system

On-site renewable energy generation is useful for sustainable
electrical power generation leading toward CO2 abatement [7].
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However, various problems have to be considered when adopting
the system close to the energy demand area including the land area
[8], the safety and the variation in RE resources. Green space cov-
erage for the on-site RE generation is declining and becoming more
limited with the increase in urban density and an unprecedented
world population growth [9]. Many research works had been done
on enhancing the efficiency and increasing the total amount of
generated energy using a localized RE generation system built in
a limited area. Shrouded diffuser had been employed to improve
output power of a wind turbine. Ohya et al. has reported that the
power coefficient of a diffuser shrouded wind turbine is 4 times
higher than the bare wind turbine [10]. The power generated from
the oncoming wind is maximized using a power regulation control
system embedded in the wind turbine generator [11]. With regards
to the safety and reliability of the system, the author had devel-
oped a 3-in-1 wind-solar hybrid renewable energy and rainwater
harvester for urban high rise application with a vertical axis wind
turbine enclosed within a power-augmented-guide-vane (PAGV).
Estimated annual energy savings of about 160 MW h/year is
expected from this system due to the improved approaching wind
stream to the Sistan turbine (15 m � 6 m) caused by the PAGV
(30 m � 12 m) [12]. From the CFD flow visualization, higher mass
flow is transported and channeled to rotor blades which contrib-
uted to higher output power (5.8 times higher) [13]. The variation
of the RE resources, i.e. the insufficient natural wind speed for
power generation is another problem faced by the system. In
Malaysia, the wind speed profile is generally low and it fluctuates
throughout the year (V1 < 4 m/s for more than 90% of total wind
hours with its maximum only 5.4 m/s at 10 m altitude) [14–16].
Thus, it is not realistic to harness the natural wind in Malaysia.

In this paper, an exhaust air energy recovery system is devel-
oped to extract energy from unnatural wind resources, e.g. the dis-
charged air from a cooling tower for electricity generation. In a
cooling tower, the heat from a process is carried by the air then dis-
sipated to the environment in high speed through the discharge
outlet. This proposed system is used to capture part of kinetic
energy that discharge from the tower. It consists of two vertical
axis wind turbines (VAWTs), 4 guide-vanes and 2 diffuser-plates
are installed at the outlet of a cooling tower. In the laboratory test,
the effects of the guide-vanes and the diffuser-plate on the rota-
tional speed of the turbines were investigated. The angle of the
guide-vanes was optimized to increase the rotational speed of
the turbines. In the field test, the wind speed distribution along
the radius of exhaust air fan outlet was determined. The positive
torque region of the turbine was placed at the position having
the highest wind speed for power augmentation. The influence of
the system on the power consumption of the cooling tower was
investigated. The equivalent amount of CO2 emission was calcu-
lated from the total amount of energy recovered from this system.

3. Working principle of an on-site exhaust air energy recovery
system

3.1. General set-up and working mechanism of the designed system

The general set-up of the innovative exhaust air energy recov-
ery system is depicted in Fig. 1. It is comprised of 2 vertical axis
wind turbines (VAWTs) mounted in cross-wind orientation on
the top of an induced draft counter flow cooling tower’s outlet to
tap the discharged air for electricity generation. Cooling tower is
a heat removal device that transfer heat from a process system
through evaporation process whereby some of the water is evapo-
rated into the moving air stream drawn by the cooling tower. Sub-
sequently, the air dissipated to the environment at the discharged
outlet drafted by the fan. According to Hensley [17] in his book

(Cooling Tower Fundamental), the normal discharged velocity from
an induced draft tower is about 9 m/s [17]. Each cooling tower pos-
sesses a designed mass ratio of water flowing through the tower to
the air flow according to the cooling tower heat load and size for
best cooling tower effectiveness [18]. On the top of that, discharged
air from the cooling tower is necessary to reject high enough to the
atmosphere and thus, one of the problems encounter by cooling
tower industries, i.e. re-entrainment of discharged air back to the
same or adjacent unit of cooling tower’s intake eliminated.

Since there is a defined amount of discharged air flow from a
cooling tower, VAWTs are mounted on top of the cooling tower
to utilize the discharged air kinetic energy which is higher and
more consistent as compared to the natural wind. The same con-
cept is applied to the turbocharger in car engine. In a normal
engine the exhaust gas from engine is a waste and dissipated to
the environment. In an engine with turbocharger, the turbocharger
uses the exhaust flow from the engine to spin a turbine, which in
turn spins an air pump [19]. The power generated is used to boost
the engine performance. The same concept was used where the
waste exhaust air discharged from a cooling tower is used to spin
a turbine for energy recovery.

The entire designed system is held by a supporting structure
and it can be mounted either in a horizontal or a vertical orienta-
tion without blocking the discharged air flow. The installation posi-
tion of the system depends on the oncoming discharged air
direction to the VAWTs. The whole system is installed horizontally
with the supporting structure at both ends of the transmission
shaft of the VAWT (bearing at a side and generator at the other
side) where the discharged air is blown from beneath in a vertical
direction. In contrary, under the condition of discharged air blow-
ing sideways, the system can be installed vertically with the gener-
ator situated on the floor. With the aim of the designed system not
causing negative impacts on the cooling tower performance, a pre-
defined optimum position above the cooling tower’s outlet is iden-
tified based on discharged air speed profile for placement of the
two VAWTs.

The VAWTs are integrated with an enclosure which fitted with
several guide-vanes together with two diffuser-plates as power-
augmentation features to maximize the wind power generation.
Guide-vanes are arranged in between the VAWTs and cooling
tower’s outlet at a predefined angle to form multiple air flow chan-
nels which are advantageous in terms of efficiency as the airflow
are smoothened and matched to the optimum blade angle of the
VAWTs. At the same time, the area of the wind passing through
the guide-vanes is altered causing more airflow volume and hence,
higher velocity flow into the optimum angle of VAWTs. As a result,

Fig. 1. General set-up of the exhaust air energy recovery system above a cooling
tower.
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