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a b s t r a c t

Present wind power is intermittent and cannot be used as the baseload energy source. Concept study of
wind power utilizing direct thermal energy conversion and thermal energy storage named Wind pow-
ered Thermal Energy System (WTES) is conducted. The thermal energy is generated from the rotating
energy directly at the top of the tower by the heat generator, which is a kind of simple and light electric
brake. The rest of the system is the same as the tower type concentrated solar power (CSP). The cost
estimation suggests that the energy cost of WTES is less than that of the conventional wind power, which
must be supported by the backup thermal plants and grid enhancement. The light heat generator re-
duces some issues of wind power such as noise and vibration.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Considerable amount of installation of the renewable energies
to the power network arises lots of issues since the most of the
renewable energies are intermittent [1]. This paper describes a
novel idea named wind heat power (WTES), which is proposed for
the first time, to solve the network issues.

The concentrated solar power (CSP) attracts attention because of
its dispatchability. Some plants can operate continuous power
generation of 24 h a day [2]. The thermal energy storage already
became the second largest energy storage system in the USA after
hydro. Solana, which became online since 2013, has the huge en-
ergy storage of 1680 MW-h. The sum of the thermal energy storage
will become almost double in 2015 [3]. The proposals employing
this practical thermal energy storage are gradually increasing
[4e6]. The use of energy storage is also studied from various as-
pects [7,8].

Utilization of this thermal energy storage and employment of
light and low cost heat generator are the key points of WTES.
Typical configuration of WTES of “thermal specialized type” is
shown in Fig. 1. The rotating energy is converted to the thermal
centrated solar power; HTF,
.
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energy at the top of the tower directly. The rest of the system is the
same as the tower type CSP [9]. The produced thermal energy is
transferred to the base utility by the heat transfer fluid (HTF) and
produces steam to drive the turbine generator when required. The
total energy cost of renewable energies is mainly estimated by the
following points.

a) Efficiency
b) Capacity factor
c) System cost

WTES has the potential to become the most reliable and an
economic power source when those are considered. The present
situation of the renewable energies' installation conditions in
various regions is analyzed and the merit of WTES is described in
this paper.
2. Analysis of present network

2.1. Subjects of present power network

Several countries have already introduced considerable amount
of renewable energies andmaintain their power network in various
methods [10]. The published documents issued by governments
and organizations those who have responsibility to the stable
power supply are studied.
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Fig. 1. Configuration of wind heat power (WTES), thermal specialized type.

Fig. 3. Planned and installed capacity in Germany [14].
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2.2. Present situations of Spain and Denmark

The power network of Spain is almost isolated from the Euro-
pean network. Spain's wind power capacity was 2.4 GW in 2000
and it was increased to 24.8 GW in 2010. They introduced combined
cycle gas turbine plants (CCGT) from 0 GW to 25.2 GW in this period
[11]. It seems that their demand can be handled without renew-
ables as shown in Fig. 2 [12].

It is said that the over 20% of the energy is supplied by the wind
power in Denmark. Intimate study shows that Denmark manages
their energy within Nordic energy market. Their capacity of the
wind increased considerably and the capacity of the thermal plant
is also slightly increased despite the amount of energy consump-
tion in 2010 stays the same as that of the 1980. Some study claims
that the energy consumption of the wind power in Denmark re-
mains only 4% and the rest of the 16% is exported to nearby coun-
tries with low price [13].

2.3. Present status and plan of Germany [14].

German Energy Agency called dena assumes that Germany's
energy consumption will decrease by 8% from 2008 to 2020. The
percentage of the renewables will occupy 30% of the total electricity
energy capacity in 2020 as shown in Fig. 3. The total installed ca-
pacity is increased to 25% under this condition although the total
energy consumption is decreased as noted above.
Fig. 2. Change of electricity capacity [12].
Some suggest that the output of the renewable energies be-
comes stable when the renewable energy sources from wide area
are connected. Observed wind power of the entire German wind
power shown in Fig. 4 proves this condition is not applicable to the
time span of a day [15]. The conventional thermal plant must
compensate the shortage of the electricity.

Another study claims that the new reserve such as CCGT is not
required when the wind power is introduced in the power network
by 20% [16]. Replacement of the power station, however, is neces-
sary if the existing power stations have low output adjustability.
Demand side management is not so prospective since not so many
loads can wait for several days [17].

Some study shows that 90% of the backup capacity is required to
introduce wind to the power network [18]. This study claims that
around 20e30% of the generated power should be curtailed when
the optimum network configuration is assembled. The efficiency of
the backup thermal plant decreases 8% because of the intermittent
operation. The total carbon dioxide reduction is slightly spoiled by
this intermittent operation. DOE's simulation of 20% penetration of
the wind shows 16% reduction of the carbon dioxide emission [19].
It is concluded that considerable amount of the adjustable output
thermal plants are required. It should be pointed out that the
frequent start-up, shutdown and adjustment of the thermal plant
output make the maintenance cost increase and plant lifetime
short [10].

2.4. Other means to integrate renewables

dena investigated the various systems such as pumped hydro
and battery to integrate the renewables to the present network.
Fig. 4. Extreme Days of German Wind Power in 2012 [15].
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Fig. 6. Energy flow diagram. Above: conventional wind and battery, below: wind-
powered thermal energy system.
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The pumped hydro is hard to be constructed because of the
geographic restrictions and environmental regulation. The batte-
ries are not suitable to stabilize the output of the renewables in
their estimation because of their cost.

Similar conclusion is stated by entso-e, European network of
transmission operators for electricity [20]. DOE also has almost the
same conclusion [19]. All of them also say that the grid extension is
essential to achieve the integration of the renewables. In reality, the
grid extension faces difficulties because of “not in my backyards”
issue. The policy of DOE has changed to that the energy storage
system will play a significant role consequently [21].

It is clear that backup thermal plant and/or some means of en-
ergy storage facilities are necessary to introduce intermittent
renewable energies. The cost of these backup thermal plant and
energy storage facilities must be counted for the energy cost of the
renewable energies.

3. Overview of wind heat power (WTES)

3.1. Basic configuration

WTES, which employs low cost thermal energy storage system
and light and low cost heat generator, could be a better solution
than the combination of wind power and thermal plant. The pos-
sibility of becoming the low cost stable power generation is studied
comparing the combination of the conventional wind with thermal
backup and battery supported system.

Basic configuration of WTES is already shown in Fig. 1. The heat
generator explained in the following section is employed to convert
the rotating energy to the thermal energy. The heat generator has
lighter weight and lower cost than that of the electric generator
since the heat generator is a kind of simple brake in principle. This
is important point when it comes to the gearless system, which has
less breakdown possibility. The gearless system requires a heavy
direct driven slow speed rotating machine.

The heat energy produced at the top of the tower is transferred
to the bottom utility by the circulation of HTF. The heated HTF is
stored in the thermal storage tank and brought out according to the
demand to produce electricity using steam turbine. The technology
of HTF circulation over 100 m is already industrialized in the tower
type CSP plant, which has 140 m height with 565 Celsius maximum
temperature. Even 275 m height plant is under consideration [22].
WTES is easy to be combined with other thermal plant such as CSP,
geo-thermal plant and bio-mass since the energy storage and po-
wer block parts can be shared. It is, therefore, WTES is not a
competing technology but a synergy technology with these
technologies.

3.2. Assumption to estimate cost

Quasi-levelized cost of energy (LCOE) value is estimated to earn
rough energy cost image. The lifetime, cost and efficiency are
included but finance and maintenance are excluded. Very simpli-
fied wind pattern is assumed as shown in Fig. 5. The wind turbine
rotates at the rated speed continuously during “a” hours in a 24 h.
There is nowind rest of the day. “a/24” represent the capacity factor.
The wind power plant is required to output stable electricity all day
long under this condition.

The energy flow is shown in Fig. 6. The energy conversion effi-
ciency from wind to rotating energy is abbreviated since the value
is the same in every case.

The equation of stable output is derived by the following steps in
the case of the battery system. DC/AC converter at the last step
receives power of X/h3 kW for 24 h when the stable output is
expressed by X kW considering the DC/AC conversion efficiency h3.
The power fed to this DC/AC converter comes fromAC/DC converter
during “a” hours and comes from battery during the rest of the
hours of (24-a) hours. The energy to the battery from the generator
becomes as follows considering its efficiency of h2.

Eto Battery ¼ ð24� aÞX=ðh2h3Þ (1)

All produced energy, which is described by the multiplication of
“a” hours and “p” kW, is distributed through AC/DC converter.
Therefore the balance between input and output at the exit of
AC/DC converter becomes

pah1 ¼ ðDirect EnergyÞ þ ðEnergy to batteryÞ
¼ aX=h3 þ ð24� aÞX=h2h3 (2)

Re-arranged by the final output X of battery case becomes

X ¼ ph1h3a=½ð24� aÞ=h2 þ a� (3)

Almost the same equation for WTES becomes

XWHP ¼ ph2h3a=½ð24� aÞ=h1 þ a� (4)

Multiplication of this X power and lifetime makes the total
produced energy. The energy cost is delivered by dividing system
cost by this energy. The wind pattern of 24 h repetition in above
equation is changed to 6 h and 48 h to simulate different wind
pattern.

The employed numbers are shown in Table 1. The units “kWh-t”
mean energy storage by the thermal mode. The cost of tower and
blade is estimated from published data [23]. Expected future cost of
NaS battery is employed in Table 1. The practical NaS battery system
cost including substation is 660$/kWh, i.e. 66 k\/kWh in the case of
Long Island Bus PJ [3].



Table 1
Cost, efficiency and capacity factor of components.

Component Cost Efficiency Capacity
factor

Tower/Blade (Common) 90 M\/2 MW Not
counted

30%

Wind Electric Generatore
15 rpm

40 M\/2 MW 93% 30%

AC/DC. DC/AC 20 k\/kW 95%
Transmission line 10% of kWh Not

counted
Wind þ Battery Electric Generatore

15 rpm
40 M\/2 MW 93% 30%

AC/DC 20 k\/kW 95%
Battery (NaS) 40 k\/kWh 83% 70%
DC/AC 20 k\/kW 95% 100%
Transmission line 10% of kWh Not

counted
WTES Heat Generator 20 M\/2 MW 96% 30%

Thermal Storage 2 k\/kWh-t 93% 70%
Steam Turbine 100 k\/kWh 38% 100%
Electric Generatore
3600 rpm

96%

Transmission line 10% of kWh Not
counted
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The thermal energy storage cost of 2 k\/kWh-t is set considering
the goal of SunShot initiative, which is the project of DOE, of 15$/
kWh-t. The heat loss through the piping is assumed to be included in
the efficiency of the thermal storage system of 93%. This value is set
considering the estimated piping efficiency of the trough type and
tower type CSP of 96% and 97% respectively and storage loss of 1%
[24]. 100% capacity factor in Table 1, which is impractical in the real
system, is introduced. The lifetime is set to short 10 years for the base
case, since this calculation does not count several LCOE elements.

The cost of the conventional wind power includes the following
cost.

a) Curtailment cost of 30% [18].
b) 30% depreciation cost of the backup thermal plant considering

the capacity factor of the wind
c) Deterioration of 8% of fuel consumption caused by intermittent

operation of the thermal plant [18]. Transmission line cost is
added to all cases. 10% of generated energy is counted [14]. The
cost of increased maintenance of backup thermal is not counted
since reliable data is not acquired.
Fig. 7. Estimated Energy Cost. Differe
3.3. Estimated energy cost

Estimated energy cost is shown in Fig. 7. These numbers are
cheaper than Japanese average because the calculation is executed
under strong Yen condition, but it is more expensive than Chinese
average [25]. Three bars in each technology of “wind and backup
thermal”, “wind and battery” and “WTES” show the different wind
pattern of 6, 24 and 48 repetition hours.

It becomes almost double when the hidden stabilizing costs
stated above are counted. This hidden cost and effectiveness of
energy storage are discussed in other studies [26,27]. The energy
cost of the conventional wind power stays the samewhen the wind
pattern is changed since it does not have any energy storage.

“Wind and battery” case has strong connection with the repe-
tition hours because the cost of the battery occupies themost of the
cost. The longer repetition time requires larger energy storage ca-
pacity. This implies that the batteries are suitable for short time use.
WTES has less dependency on the periodical hours. It is natural
because the cost of the thermal energy storage is very cheap. This
characteristic is favorable for the wind power since wind repetition
time is sometimes longer than 24 h as shown in Fig. 4. The analyzed
systems stated above employ gearless direct drive generator. It
seems that the cost advantage of WHP is not affected by employing
the geared system since the cost weight of rotating machine is
relatively marginal as shown in Fig. 7.

Fig. 8 shows the case when the lifetime is set to 20 years. All
elements become half of Fig. 7 automatically except the cost of
backup thermal. It should be noted that several LCOE elements such
as maintenance and finance are not included in this study. The
different lifetime of elements employed in the systemmust be also
considered. The lifetime of tower is much longer than 20 years, for
example. It seems that WHP has the potential to become the most
economic system even if WHP is compared with the present sys-
tem, which consists of combination of conventional wind and
backup thermal, in conclusion.

3.4. Comparison with electric heater system

Stabilization of the intermittent wind power can also be realized
by the combination of the conventional wind power and an electric
heater [6]. This system becomes superior compared with WTES
when the total system capacity becomes small. It is explained as
follows. The system cost of electric machines has little connection
nt repetition time of 6, 24, 48 h.



Fig. 8. Estimated Energy Cost. Lifetime of 20 years case.
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with the system capacity. On the other hand the system cost of the
thermal machines depends on the system capacity. The cost of the
thermalmachine increases by the power of 0.6e0.7when the system
capacity is increased considering scale up factor [24].

The cost estimation curve of HTF system is shown in Fig. 9 using
CSP study of 470 MW system [28]. The line of the “heater cost” in-
cludes the heater cost, electric converter cost and the cost difference
between the electric generator and heat generator. WTES has
advantage over the combination of the heater and electric generator
system over sub-MW, which is the major size of the conventional
wind power. This condition is changed when the system configura-
tion is changed. The direct thermal energy use such as hot water
supply has the different cost structure, for example.
4. Heat generator

4.1. Example of heat generator

There are several methods that convert rotating energy to
thermal energy. Typical methods are;

1. Friction between solid materials
2. Agitation of fluid
3. Electromagnetic induction
Fig. 9. Cost tendency of HTF and heater System.
The friction system needs frequent maintenance and replace-
ment of parts. The agitation of fluid may not require frequent
maintenance like the friction but the produced temperature is
restricted by the characteristics of the fluid.

It seems that the use of the electromagnetic induction is the best
method to convert the rotating energy to the thermal energy. The
most simplified principle of the electromagnetic induction heating
is shown in Fig. 10. The static magnetic field is impressed over the
conductor. The eddy current is induced and heats up the conductor
when the conductor is forced to rotate.

The retarder, which is widely employed for auxiliary brake of
the heavy vehicles, is one of the promising technologies for the
heat generator. The temperature of the retarder reaches over
600 Celsius although the temperature of the equipped perma-
nent magnet stays under 100 Celsius. The capacity of the
retarder is around several hundred kW, which is close to the
popular wind turbine's capacity of 2 MW. The weight of the
retarder is almost one-tenth of the electric motor/generator of
the same capacity. The retarder has already enough robustness
since it is designed to stand for intermittent load, snow, heat,
salt and humidity [29].
4.2. Heat transfer from heat generator

Elemental consideration about the heat transfer condition from
the heat generator is checked. The conventional permanent magnet
direct drive generator for the wind power of 2 MW 3800 mm
diameter is selected for the provisional estimation. It is assumed
that all produced energy is converted to the thermal energy in the
armature. The slot and winding configurations are kept the same.
The pass of the HTF of water with 300 Celsius and 15 MPa is placed
in the armature winding. The total heat transfer area is assumed
57.7 m2 and the heat flux becomes 38 kW/m2. When the condition
Fig. 10. Principle of heat generator.



Fig. 12. Surplus energy absorption.

T. Okazaki et al. / Renewable Energy 83 (2015) 332e338 337
of pressurized water of the nuclear reactor's inlet/outlet water
temperature of 293 and 325 Celsius respectively is applied, which is
very conservative conditions, required mass-flow of water become
16.4 kg/s and 0.425 m/s. Those figures are reasonable numbers. The
employment of other HTF such as molten salt enables much room
for design since the inlet/outlet temperature can be set to 290 and
560 Celsius respectively.

4.3. Various usage of induction machine

4.3.1. Induction machine for heat generator use
It is well known that there is no difference between the in-

duction motor and generator in nature. Typical torque curve is
shown in Fig. 11. It becomes the strong electric brake, i.e. the heat
generator, when DC current is fed to the armature and the rotor is
forced to turn (S ¼ 1 or �1 in Fig. 11). This large torque enables low
rotating speed operation and small noise. Absorbed energy is
dissipated as the thermal energy in the cage-type conductor. The
cannedmotor structure is employed to remove this thermal energy.
This canned motor can stand for 450 Celsius [30].

4.3.2. Induction machine for E-H generator use
The induction machine can be used as the electric and heat

generator (E-H generator) when the full bi-directional AC/DC
converter is employed. The maximum torque, which is several
times larger than the rated torque, is called stalling torque.
Continuous operation under the stalling torque results in enor-
mous heat generation in the generator. The conventional generator
cannot be used in this condition. E-H generator can be used in this
condition since it is equipped with the heat transfer system. E-H
generator produces electricity and heat by controlling the phase of
the excited field.

On the other hand, E-H generator has to keep complicated three
phase windings. The weight and cost of E-H generator are heavier
and higher respectively than the simple heat generator although
lighter than the conventional induction generator. The estimation
of the resulted energy cost is difficult, because of many elements
such as wind condition, demand curve of the considering area,
trade price, system cost, efficiency and capacity factor. Superiority
of E-H generator system against simple heat generator system
depends on the local conditions such as wind pattern.

4.3.3. Surplus energy absorption of the grid
E-H generator can convert surplus energy in the grid to the

thermal energy for later use as shown in Fig. 12. Economic feasi-
bility study is also difficult since various aspects affect. This surplus
Fig. 11. Characteristics of induction machine.
energy absorption is also conducted by CAES. CAES has several
restrictions such as requirement of underground cavern and supply
of natural gas. WTES has fewer restrictions than CAES does.

4.4. Superconducting heat generator

The higher efficiency of the turbine generator is realized when
the working gas temperature becomes high. On the other hand,
steel loses its magnetization over Curie temperature, which is
around 800 Celsius. The superconducting magnet can produce
strong magnetic field without magnetic material. HTS induction
heating machines for aluminum are commercialized [31].

Air may be employed as HTF for this high-temperature heat
generator. Air circulation system at 1100 Celsius for CSP is already
proposed [32]. The efficiency improvement is expected to outstrip
the system cost increase and reduces the energy cost.

This high temperature realized by employing superconducting
magnet leads another possibility of WTES. Various thermoechem-
ical reactions, such as refinement of natural gas, production of
ammonia and hydrogen production are realized by this high tem-
perature [33,34].

5. Merits of WTES other than the cost

WTES has some merits other than the cost merit stated above.
These are summarized below.

a) Full energy harvest from the physical wind power
b) Low environmental impact
c) Effects on local economy

a) Conventional wind power firms have to keep the stable
output during the designated duration, typically 30 min, to
maintain the stability of the power network. Short of the
output is charged to the wind firms. This means that the
output of the wind power is always below the wind's phys-
ical power at thewind tower to prevent the charge. Exceeded
wind's physical power, which is expressed in Fig. 13 by
hatched portion, is curtailed. WTES can crop maximum
energy, which is within Betz's law, from the wind since the
cropped energy is not converted to the electricity directly.
Strong wind energy in midnight can also cropped for later
use. Cut-off wind speed is although enlarged when the
capacity of the wind power is restricted by the generator
capacity since the heat generator can be higher torque with
small increase of weight.



Fig. 13. Generated electricity and physical wind power at wind tower.

T. Okazaki et al. / Renewable Energy 83 (2015) 332e338338
b) All kinds of utilities have to consider demolishment. Most
bulky material used in WTES is the thermal storage medium,
which consists of nitrates. The nitrates are well known as raw
material for the fertilizer. Few hazardous chemical materials
are employed in WTES. WTES enables low rotation speed of
the blades because of the torque-full light heat generator.
This leads to low noise and low vibration. The gear-less
system, which is reliable and silent, can be realized with
reasonable cost by the heat generator.

c) Many elements employed in WTES can be procured locally
since the elements employed in WTES are categorized to a
kind of “low-tech” things. The most bulky material for the
thermal energy storage can be procured locally when the solid
type thermal energy storage system is employed. Construction
and maintenance work enlarges local employment and
economy.
6. Conclusion

The backup thermal plants or some kind of energy storage
systems are essential when considerable amount of wind power is
introduced to the grid. The energy costs of the wind with backup
thermal, the wind with battery energy storage and Wind Powered
Thermal Energy System (WTES), which employs heat generator and
thermal energy storage system, are compared first-ever. It seems
WTES becomes the most economical system in these three systems
although the estimation is in the initial stage. WTES becomes much
more attractive when it is constructed besides CSP and/or bio-mass
plant since many parts of elements can be shared. The configura-
tion of WTES has many variations. Employment of the electric and
heat generator enables flexible operation. It can even absorb sur-
plus energy in the grid. Employment of the superconducting heat
generator realizes high working temperature, i.e., high thermal to
electric conversion efficiency. Those variations including simple
thermal specialized type have lots of room to be investigated.
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