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ABSTRACT

The present paper has performed a three-
dimensional numerical model to study the cross
ventilation in a residential building. Examined are the
effects of porous hedge placed ahead of the building,
and focused are the physical procedures governing air
movement during the cross ventilation. The ratio of the
space between the hedge and the building to the hedge
height is fixed at L/h=2.0, while the hedge porosity is
varied from 7 =0 to 1.0. Detailed information about

the mean velocity, pressure, and turbulent kinetic
energy is provided to illustrate how the porous hedge
affects the cross ventilation in a building of two-side
openings. It is found that the porous hedge could
modify the mean and turbulent flow structures behind it,
and thus alter the cross ventilation of the building.
Three types of cross ventilation can be characterized
from the results presented, i.e., backward cross
ventilation, null ventilation, and forward cross
ventilation, respectively. Results further show that the
distribution of volume-averaged turbulent Kkinetic
energy has a local minimum value at about the null
ventilation conditions.
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INTRODUCTION

In a naturally ventilated building, the indoor air is
renewed with the outdoor air using wind and/or
buoyancy forces. The passive scheme not only
improves indoor air quality and thermal comfort [1, 2]
but also, when applied properly, leads to a significant
reduction of energy consumption in ventilating the
buildings [3]. Most importantly, it can avoid the Sick
Building Syndrome caused by poor design of active
ventilation systems. The combination of the above
merits establishes the natural ventilation as the best
solution for improving the microenvironment.
Consequently, the study of natural ventilation has
gained more and more attention in recent years [1-5].

In a typical cross-ventilated building, wind-
pressure differences along the facade create a natural
air exchange between indoor and outdoor spaces. The
ventilation rate depends on the strength and direction of
wind forces and the resistance of the airflow path [6].
Direct introduction of outdoor air by wind forces,
however, does not necessarily ensure a comfortable
indoor environment because it gives no control over
undesirable airflow patterns. If the cross ventilation of a
building is poorly designed, even with an plenty of
wind resources, the period during which windows can
be left open is often limited due to uncomfortable wind
intrusion. To control wind-driven airflow patterns and
thus improving the indoor microclimate, a passive
scheme using windbreaks such as forests, nets, and
hedges has been employed to modify the
cross-ventilation in a building [7]. The porous hedges
act not only a shelter from a strong wind [8, 9] but also
a regulator to channel airflow properly to ventilate a
building. The objective of the present work is to extend
the author’s 2-D work [7] to develop a 3-D numerical
model to study the cross ventilation in a building that
are controlled passively by using a porous hedge.

A successful design of wind-driven cross
ventilation requires the detailed information of airflow
and pressure distributions in and around buildings. The
physical processes of wind-driven cross ventilation are
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complex, and predicting the ventilation rates is difficult.

Although full-scale measurements for a building site
can provide reliable data, the experiment is time
consuming and hard to control. In addition, the discrete
data are not informative enough. In most cases, the
experimental data obtained from one building site may
not be extended to another because of different weather
data and building surroundings [5]. An alternative
approach to study the cross ventilation in buildings is
the computational fluid dynamics (CFD) technique.
The CFD technique is becoming popular due to its
informative results and low labor and equipment costs.
In the present study three-dimensional CFD model is
developed to study the cross ventilation in a building
that are controlled passively by using a porous hedge.
The effect of the hedge porosity on the airflow
characteristics in and around a residential building is
examined. The phenomena of cross ventilation in the
building are discussed from the detailed distributions of
mean fluid flow, turbulent kinetic energy, and pressure
distributions. The computational procedure, adopted for
the evaluation of such a three-dimensional turbulent
flow, is based on the solution of the governing
equations for the dependent variables (such as three
velocity components, the pressure and the turbulent
kinetic energy) by means of the finite volume technique
[10, 11]. The airflow is assumed to be steady and
turbulent, which is described through the well-known
k- ¢ turbulence model. It has been proven to be able to
simulate quite well the mean flow and turbulent kinetic
energy of a long, porous hedge standing on flat ground
[12-14]. In addition, the k- ¢ model has an advantage
of saving computing time, and thus has become the
most widely used CFD method in many industrial
applications. This is the reason why the model is
employed in the present paper in resolving the problem
mentioned above.

THE MODEL

A schematic drawing illustrating the airflow around
a residential building along with a porous hedge is
shown in Fig. 1. The origin of the coordinate system is
set at the rear edge of the porous hedge. The airflow is
from left to right. The porous hedge of height h is
placed ahead of the building. The distance between the
front edge of the building and the rear edge of the
porous hedge is 2h (L). The dimensions of the interior
space of the building are 2h by 3h by h (length by width
by height). The windward and leeward walls have a
window of size 0.5h by h. Both windows are open that
allows of cross ventilation in the building.

Governing equations The airflow studied is

J. CSME Vol.30, No.5 (2009)

Porous hedge Leeward window

Windward window

Wind Direction hJj
/
—

Figure 1 Schematic drawing of the wind-driven
cross ventilation around the building.

considered as three-dimensional, steady, isothermal,
incompressible and turbulent. The fundamental
equations governing the motion of the above flow are
the averaged Navier-Stokes equations, and the
continuity equation, which can be expressed as:

W, _y (1)
ox;

i lLop 9 —) ()
—UU, )=————+—S, —uu
8x,.(") p ox, 8xl(2 g T

1(oU, U,
=—| —L 4
Po2lox,  ox (3)

The turbulent fluxes of momentum (g, ) are

important terms that govern the turbulent diffusion and
need to be specified by certain turbulence models in
order to fulfill the closure of the equation set. A number
of turbulence models, ranging from simple algebraic
models to second-moment closure models, have been
developed in the past decades. For simplicity, the
standard k- ¢ model is used in closing the equation set.
The correlation between the mean turbulent kinetic
energy k and the dissipation rate of turbulence & is
expressed by the following equations:

u, = -2v,8, + %kay 4)
, Gk
T (%)

where v, is the turbulent diffusivity, and §; the

Kronecker symbol. The transport equations for £ and
£ are
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The model constants are also the standard values for
wind-tunnel flows:
Ci=0.09, Ca=1.44, C2=1.92, 6,=1.0, and 6=1.3 [15]

The Darcy’s law describes the flow momentum
within the porous hedge, i.e.,

Luu,)--L2 L nys,)- Ly, ®)

ox; ’ p O0x; Ox; K
where 1 is the porosity of the hedge, representing the
volume occupied by the pores, to the total volume of
the porous solid. The permeability x is a quantity of the
surface area to volume ratio of the porous matrix. The
last term in the above equation represents the Darcy’s
drag imposed by the pore walls on the fluid within the
pores, and usually results in a significant pressure drop
across the porous solid.
Grid creation and boundary As shown in Fig. 2, a
half-sphere computational domain is employed to
simulate the fluid flow characteristics around the hedge
and building. In general, the fluid flow around the
building and the porous hedge is changed significantly.
Therefore, a fine mesh of high spatial resolution is
created around these regions so that an accuracy
prediction may be obtained. A total of 1,376,900
unstructured control cells are generated from the whole
computational domain. Additional runs for a coarser
mesh (1,590,000 cells) and a finer mesh (1,000,000
cells) are obtained by checking grid independence. A
comparison of the results of the 1,376,900-cell mesh
and the 1,590,000-cell mesh shows that the maximum
discrepancy in the mean velocity profiles is 0.05
percent. This change is so small that the accuracy of the
solutions on a 1,376,900-cell mesh is already
satisfactory.

At the inlet of the computational domain (the
upstream quarter sphere), a uniform velocity is imposed.
At the downstream section (the downstream quarter
sphere), the averaged pressure is chosen as the
reference pressure. There is no standard method for
setting the turbulence kinetic energy and the dissipation
rate in the free stream. In the present simulation, we
assume 0.5% turbulence intensity in the free stream.
Thus, &k and ¢ at the inlet section can be calculated. All
solid boundaries, such as ground and building walls, we
use non-slip conditions in conjunction with the wall
functions.

The solution method In the simulation
processes, the highly coupled, nonlinear, partial
differential equations are discretized into a set of linear
algebraic equations by using the finite volume
discretization method [16-18]. Then, they are solved by
iterative solutions on each control cell, defined over the
computational domain. A balance between source terms,
convention and momentum fluxes is evaluated by the

Figure 2 Mesh distributions on the
computational domain.

continuity equation at the faces of each cell. The
estimation of diffusion fluxes at the cell faces is
obtained by a centered approximation, while the first
order upwind approximation is adopted for the
advection terms. The pressure-velocity linkage is
solved via the SIMPLER algorithm [19].

RESULTS AND DISCUSSION

Verification of the model Before the subsequent
discussion about the computational results, it is
important to validate present numerical procedure and
data by comparing the present results with those in
previous works. Figure 3 shows a comparison of mean
velocity ratios in x (U/U,) and z (W/Uy) directions
between the present predictions and the previous
experiments [12]. In this plot, the hedge porosity is
fixed at 7=0.7, and the axial station selected for
comparison is at h/2 behind the hedge. It is seen that
both the experimental and simulated results reveal a
forward velocity behind the hedge, meaning that there
is no flow recirculation. Moreover, both results show a
rather uniform distribution of U/U, for 0.1<z/h<0.9,
where the maximum discrepancy is less than 10%. In
the previous experiments, however, a large variation of
U/Uy, and W/U, occurs at the elevation 0.9<z/h<1.0,
where turbulence is significant due to the strong shear
flow. In general, the above comparisons are satisfactory
to confirm that the present numerical procedure is
adequate and the present numerical results reliable.

Detailed fluid flow A comparison of mean-flow
patterns around the building between the hedge-free
case and the solid-hedge case is shown in Figs. 4 and 5.
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Figure 3 Comparison of the present predictions
with previous works.

Figure 4 distributes the mean-velocity vectors on the
planes cutting across the middle of the computational
module (y=0), whereas Fig. 5 visualizes the mean-flow
traces around the building. Figures 4 (a) and 5 (a) are
the hedge-free cases, while Fig. 4 (b) and 5 (b) are the
results that the solid-hedge is placed ahead of the
building. The above results serve as a reference to
examine the effect of porous hedge on the cross
ventilation in the building.

It is seen from Fig. 4 (a) that the hedge-free case
has a forward airflow that ventilates the building as it
traverses through a sudden contracting and expanding
channel. When a solid hedge stands ahead of the
building (Fig. 4 (b)), the airflow is deflected
significantly when it approaches the solid hedge, and
then separates from the upstream salient of the solid
hedge. The relatively low pressure behind the solid
hedge (will be shown later) induces the airflow
upstream. It thus forms a flow recirculation behind the
solid hedge that ventilates the building reversely, with a
backward airflow from the leeward window to the
windward window.

J. CSME Vol.30, No.5 (2009)

A particle trace is helpful in visualizing the
mean-flow structures in a flow domain. It represents
well the trajectory of a massless particle moving in a
fluid. In Fig. 5, four particles are released at points of (x,
v,z)=(6,0,2.75), (-1, 0, 2.75), (-1, 4, 1.5), and (-1, -4,
1.5), respectively, and then move through the flow
domain. Each trace is shown by a curve together with
the velocity vectors. The color mapping is also
provided to illustrate the velocity magnitude along the
trace. It is seen from these figures that the trace #1 of
the hedge-free case penetrates the building directly
from the windward window to the leeward window. In
contrast, the trace #1 of the solid-hedge case circulates
the particle round the building. It enters the building
from the leeward window, then exits from the building
via the windward window, and finally turns upward and
moves downstream over the building roof. Traces #3
and 4 of the hedge-free case impinge on the front wall
of the building directly, while those of the solid-hedge
case are deflected by the solid hedge and pass the
building laterally.

As the discussion of Figs. 4 and 5, the flow
structure around the building is strongly affected by the
solid hedge. Therefore, before discussing the effect of
porous hedge on the ventilated airflow in the building,
it is important to understand the mean velocity
distribution ahead of the building, which is regarded as
the inlet/outlet conditions of the ventilated building.
Figure 6 shows the effect of the hedge porosity on the
axial velocity (U) at the mid-station (x/h=1.0) between
the porous hedge and the building on the symmetric
plane of the computational module (y=0). It is seen that
due to the blockage effect, the axial velocity decreases
with decreasing the hedge porosity from 7 =1.0 to 0.4.
At n=0.2, a part of airflow moves upstream indicating
that a flow reversal exits behind the porous hedge,
which is like that of solid hedge (1 = 0).

Focus is now put on the effect of porous hedge on
the cross ventilation in the building. Figure 7 compares
the distributions of mean-velocity vectors on the plane
cutting across the middle of the computational module
(»=0) of various hedge porosities, i.e., n = 0.2, 0.4, 0.6
and 0.8. The corresponding pressure distributions on
the plane are also provided in Fig. 8. Obviously, the
cross ventilation resulting from these four porosities are
quite different. At the highest porosity of n = 0.8 (Figs.
7 (a) and 8(a)), the high pressures near the windward
window results in a strong airflow into the building. It
traverses directly through the building like that of the
hedge-free case (Fig. 4 (a)). When the porosity
decreases to 1 =0.6 (Fig. 7 (b)), the strength of forward
ventilated airflow is reduced due to a higher blockage
of the porous hedge (Fig. 6). Meanwhile, the pressure
difference between two windows is lessened (Fig. 8
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(a) Hedge-free case (a) Hedge-free case
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Figure 5 Particle traces around the building for
the hedge-free and solid-hedge cases.

Figure 4 Comparison of mean-flow velocity
vectors at the sectional plane cutting across the
middle of the computational domain (y=0).

(b)). As the hedge porosity further decreases to n =0.4
(Fig. 7 (c)), clearly, the indoor airflow is stagnant m=00  n=02 =04 7=06 n=0.8 7=1.0

almost and the indoor pressures are rather uniform (Fig.
8 (c)). At the lowest hedge porosity of n = 0.2 (Fig. 08 L
7(d)), the backward airflow ventilates the building from
the leeward window to the windward windows by the 06 L
adverse pressure gradient in the building (Fig. 8(d)). It 2
is similar to that of the solid hedge, which is dominated 04 L
by the flow recirculation (Fig. 5 (b)) behind the solid )
hedge [20]. oz L
Figure 9 further shows the effect of the hedge ’
porosity on the pressure distribution along the elevation o0 . . ‘ . ‘

of z/h=0.58 on the symmetric plane of the 40 20 00 20 40 60 8.0
computational module (y=0). The solid and dashed
curves represents the results of the solid-hedge (1 = 0)
and hedge-free (n = 1.0) cases, respectively. It is
observed that the pressure for the hedge-free case
(dashed curve) increases before encountering the
building due to the blockage effect, decreases to a local
minimum in the building, then bumps up and down,
and finally recovers, after the lowest point, to normal

U(m/s)

Figure 6 Axial mean velocity (U) distributions at
the mid-station (x/h=1.0) between the porous
hedge and the building on the module symmetric

plane (y=0).
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Figure 8 Effect of hedge porosity on the pressure
distributions on the mid-plane (y=0) of the

building.

Figure 7 Effect of hedge porosity on the

distributions of mean-flow velocities on the

mid-plane (y=0) of the building.
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Figure 9 Pressure distributions at the elevation of
7/h=0.58 along the flow direction on the
symmetric plane (y=0) of the computational
domain.

08
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02+

0.0 .

Mass Flux Ratio
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-0.4

-06 -

mn(Porosity)

Figure 10 Effect of the hedge porosity on the
ventilated airflow rate across the building.

1
0.0 0.2 0.4 0.6 0.8 1.0

m(Porosity)

Figure 11 Effect of the hedge porosity on the
volume-averaged turbulent kinetic energy in the
building.

level. It is further seen that the pressure for the
solid-hedge case (solid curve) drops significantly as the
airflow across the solid hedge. A relatively low pressure
occurs in the region between the solid hedge and the
building, which is attributed to the flow reversal [21].
When the porous hedge is placed ahead of the building,
the pressures around the hedge and the building are
ranged between the solid-hedge case and the hedge-free
case. It is interesting to note that the pressures inside
the building for n = 0.4 (dotted line) are rather uniform,
meaning that the driving force for the cross ventilation
is missing. This confirms the results displayed in Fig. 7
(c) showing a stagnant air inside the build.

It is concluded from the above discussion that the

cross ventilation inside the building is strongly affected
by the hedge porosity. The ventilation in the building
can be characterized by thee categories, i.e., the
backward cross ventilation (7 = 0.2), null ventilation (7
~0.4), and the forward cross ventilation (1 = 0.6, and
0.8), respectively.
Ventilated airflow rate Figure 10 shows the
effect of porous hedge on the ventilated airflow rate
through the building. The abscissa of the plot is the
hedge porosity, and the ordinate is the airflow rate ratio
between the porous-hedge case and the hedge-free case,
ie.,

L L) ©)
) pud4

edge-free

The magnitude of the ventilated airflow rate ratio can
represent the shelter effect by the porous hedge. The
smaller the absolute value of Se is, the higher the
shelter effect of the porous hedge becomes. It is seen
from Fig. 10 that the ventilated airflow rate ratio
becomes negative as the porosity is lower than 0.37. It
indicates adverse ventilation from the leeward window
to the windward window. After 1>0.37, the ventilated
airflow rate ratio increases with increasing the hedge
porosity. It can be illustrated by the velocity vectors
shown in Fig. 7 and the pressure distributions shown in
Fig. 8. Therefore, it is concluded that a critical hedge
porosity at about n = 0.37 which results in null
ventilation in the building. It is interested to note that
the present critical hedge porosity is higher than that
obtained for the previous study [7]. This may be
attributed to the present 3-D results accounted for the
lateral-flow effect that did not consider in the previous
2-D work. Figure 11 further shows the effect of the
hedge porosity on the volume-averaged turbulent
kinetic energy in the building. The volume-averaged
kinetic energy is represented as the following form,

_ kdv
k - j:/ol. (1 0)
6h3
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It is seen that the value of k is high for the both the
strong forward ventilation and adverse ventilation. A
valley of the curve is found around the null ventilation.

CONCLUDING REMARKS

A three-dimensional numerical model has been
performed to examine the effect of porous hedge on the
cross ventilation in a residential building. The porosity
of the porous hedge is varied from =0 to 1.0. Results
reveal that placing a porous hedge ahead of the building
is an effective scheme to modify the cross ventilation
by altering the airflow patterns. The cross ventilation
inside the building is strongly dependent of hedge
porosity. The shelter effect of the porous hedge can be
enhanced by decreasing the hedge porosity. An inverse
cross-ventilation of the building can be found for low
hedge porosity. From the results presented, it can be
characterized as the backward cross ventilation for 1 <
0.37, null ventilation for n ~ 0.37, and the forward
cross ventilation for n > 0.37, respectively. Results
further show that the distribution of volume-averaged
turbulent kinetic energy has a local minimum value at
about the null ventilation conditions.
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ABSTRACT

Dynamic behaviors of an integrated wind hydrogen system
have been modeled mathematically. It is based on a
combination of fundamental theories of mechanics,
thermodynamics, mass transfer, fluid dynamics, and empirical
electrochemical relationships. The model considers wind
hydrogen system to be composed of three subsystems, i.e., a
wind generator, an electrolyzer, and a hydrogen tank. An
additional pressure switch model is presented to visualize the
hydrogen storage dynamics under a constant outflow condition.
Validation of the wind hydrogen model system is evaluated
according to the measured data from the manufacturer’s data.
Then, using wind power as the primary energy input and
hydrogen as energy storage simulated the power system.
Finally, flow and electrical characteristics and efficiencies of
each subsystem as well as the entire system are presented and
discussed. The present model will integrate with fuel cell
systems to realize the stand-alone renewable power generator in
the future work.

INTRODUCTION

The environmental impact of burning fossil fuels and their
inevitable depletion have led to a growing interest in renewable
energy sources. These sources of energy can no longer be
overlooked, because of the need to achieve sustainable
development and compliance with the provisions of the
recently enforced Kyoto protocol. Wind energy, for example, is
available almost everywhere. It can be harnessed to provide
electricity at some of the lowest costs available for new
generation [1]. Coupling wind turbines to hydrogen-generating

W.R. Chang/Department of Landscape

Architecture, Chung-Hua University, Taiwan

electrolyzers has the potential to provide low-cost,
environmentally friendly distributed generation of hydrogen in
addition to electricity [2-10]. In this way, hydrogen generation
can be a pathway for wind generation to contribute directly to
reducing the dependence on fossil fuels. The objective of the
present paper is to develop a simulation model that effectively
predicts the dynamic behaviors of a wind hydrogen system that
comprises subsystems including a wind generator, an
electrolyzer, and a hydrogen tank. The integrated model is
implemented by using Simplorer simulation platform. The
effects of constant hydrogen consumption are examined to
demonstrate the transient dynamic behaviors at the standby
conditions of a wind hydrogen fuel cell (WHFC) system. It also
verifies the effectiveness of the proposed management
approach for operation of the integrated wind hydrogen system.

Figure 1 shows a typical wind hydrogen fuel cell system.
It consists of a wind generator, a pressurized alkaline
electrolyzer for H, production, a pressurized tank for H,
storage, fuel cells for H, utilization, a secondary battery bank
for electricity energy buffer, and a DC/AC inverter for the user
load [11, 12]. Wind generators convert wind energy into
electricity. Since the large fluctuations in power are together
with the wind energy, a battery bank serves as an instantaneous
and daily energy buffer for storing the fluctuating power
coming from the wind-power generators. For an electrolyzer,
the H, generation rate is proportional to the current into the
water electrolysis. For space saving and better system
performance, H, will be produced and stored under high
pressure. If neither the wind generator nor the battery can
provide sufficient electricity, the fuel cell will utilize H, to
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produce electricity for the load. The fuel cell needs a DC/DC
converter to transform its output voltage level to the DC bus
voltage [12, 13]. Since the fuel cell cannot promptly follow a
sudden load change and its output voltage changes slowly, it
behaves as a constant current/power source. A microprocessor-
based controller is used to monitor the status of all wind
hydrogen system devices, control and protect them, and
coordinate the overall system operation. In the present model,
focuses are put on the wind hydrogen subsystem, as shown by a
shaded block in Fig. 1. The wind generator supplies electrical
energy demand of the electrolyzer for hydrogen production.
The hydrogen is then stored in a pressurized tank before
needed. A pressure switch ahead of the electrolyzer controls the
electrolyzer. When the hydrogen pressure is lower than the set
pressure, the pressure switch keeps contact to supply the
hydrogen again. If the pressure in the hydrogen tank exceeds
the set threshold pressure, the pressure switch cuts off the
electrolyzer. In the present simulation, the fuel cell keeps its
standby conditions. Thus, a small of amount of hydrogen is
consumed by the power requirement of BOPs that reduces the
pressure in the H, tank. That is the pressure switch is used to
control a uniform pressure level in the hydrogen tank.

MODELING

Wind generator model As shown in Fig. 1, the wind
generator consists of a squirrel cage induction generator
connected to the wind turbine rotor through a gearbox:

*  Wind turbine: horizontal axis, three blades, and

variable pitch angle.

*  Transmission system: gearbox.

*  Electric generator: asynchronous generator.
As the wind turbine is placed in an animate air, the amount of
power transferred to a wind turbine is directly proportional to
the density of the air (p), the area swept out by the rotor (4) and
the cube of the wind speed (V) [14]:

P=%pCFAV3 (1

where C, is the power coefficient. It is a function of the tip
speed ratio and the blade pitch angle for pitch regulated wind
turbines. The rotor limits the power extracted from the wind by
controlling the blade pitch angle (pitch regulated wind turbine)
to decrease the rotor aerodynamic efficiency for high wind
speeds and thus limiting the mechanical power extracted from
the wind. According to Betz' law, a wind turbine can extract at
most 59% of the energy that would otherwise flow through the
turbine's cross section, that is C, can never be higher than 0.59
in the above equation. The tip speed ratio A is defined as

P

2
14
where w; is the angular speed of the rotor blade and R is the
blade length. Applying the actuator disk theory [14, 15], the
rotor model provides the aerodynamic torque extracted from
the wind by the following equation

C
T, =i=1pszR—P 3)
w2 A

r

Usually the rotational speed of the wind turbine is slower
than the equivalent rotation speed of the electrical network.
Typical rotation speeds for a wind generators are 5-20 rpm
while a directly connected machine will have an electrical
speed between 750-3600 rpm. Therefore, a gearbox is inserted
between the rotor hub and the generator. In the present power
systems, the drive train model is usually represented by two
masses [16] as shown in Fig. 2. The first mass stands for the
wind turbine rotor (blades, hub and low-speed shaft), while the
second mass stands for generator rotor (high-speed shaft). The
equations of the model are

789 11 (4)
dr
Tin = Dine(0; = 0g) + Kine [ (0 — g )dt )
dw,
Ty =Ty = Jg—2 (6)
m g g dt

where K. and D,. are the stiffness and damping of the
mechanical coupling of the drive train, respectively. J, and J,
are the inertias of the wind turbine blade and generator,
respectively. T, and 7, are the generator mechanical torque and
the generator electrical torque, respectively.

The asynchronous machine equations, expressed in a
reference frame rotating at synchronous speed and taking
positive currents going out from the machine, are [17, 18]:

¢ds = Xsids + Xmidr (7
¢qs = Xsiqs + Xmiqr (8)
. d
Vds = —Rslds + Wgs — as )
dt
. d
Vs = —Rsigs — WsPds — 3;15 (10)
Gdar = Xridr + Xmids (11)
Pqr = Xyigr + Xmigs (12)
d
0 = —Reigr + SWsghgs — il (13)
dt
d.
0 = —Rrigr — s Agr — 2;” (14)

where the sub-indexes (s, r) stand for the rotor and stator
quantities, respectively, and the sub-indexes (d, q) stand for the
components aligned with the d-and g-axis in a synchronous
rotating reference frame. Variable ¢ represents the flux linkage,
v the voltage and i the current. w, and w, are the synchronous
and generator rotor speed, respectively, while s is the slip
defined as s=(ws-wy)/ws. The electric parameters of the machine,
Ry, Xs, Xn, R, and X,, stand for the stator resistance and
reactance, mutual reactance and rotor resistance and reactance,
respectively. All variables are in per unit. The parameters of the
wind generator are given in Table 1.

Electrolyzer model The electrolyzer is a crucial part
in a wind hydrogen system, and the technical challenge is to
make it operate smoothly with intermittent wind energy
sources. Most of the R&D on water electrolysis related to
renewable hydrogen projects have focused on alkaline systems
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now, although there have been some major research efforts on
proton exchange membrane (PEM) electrolyzers as well [19-
21]. However, the costs associated with PEM-electrolysis are
still too high, and the market for small-scale H,-production
units is at present day still relatively small.

An alkaline water electrolyzer consists of several
electrolyzer cells connected in series. The electrolyzer model
[22-25] considered here is based on the characteristics of
individual cells. The calculations of the required operation
voltage and the mass flow rates of hydrogen and oxygen are all
done on a per cell basis, while the corresponding values for the
whole electrolyzer unit are simply found by multiplying by the
number of series cells. The equation that describes the behavior
of the electrolyzer is:

Vactual = V0CV +Manode + Ncathode + Mohm (15)
The overpotentials represent here the surplus of electrical
voltages necessary to activate the electrode reactions and to
overcome the concentration gradients. All of the overpotentials
depend on the current density and are calculated by the same
manner of the fuel cell. According to Eq. (15), the simplified
circuit diagram of an alkaline water electrolyzer cell is
displayed in Fig. 3. The following equation expresses the
theoretical equilibrium cell voltage Vocy of the alkaline water
electrolyzer under the effective working conditions, such as
temperature and pressure:

32

Vocv =Ve +E (pl-{z - PH,0 ) (szo,r ) (16)
Po PH,0

2F

where ¥, is the reversible cell voltage at standard conditions,
Pu, , the operating pressure of hydrogen, and, py,o, the
water vapor partial pressure.
The ohmic overpotential can be represented by

Nohm = I X Re| (17)
where R, is the internal resistance of the electrolyzer, and given
by and:

Ry=—% (18)
o X Ac
The electrical conductivity oy of the electrolyte KOH is given
by
0, =2.62x Cyopy +0.067C (T -273.15)
- 4.8 x Cioy -0.088 x Croyy (T -273.15)
where Cgoy 1s the mass concentration of potassium

(19)

hydroxide.
According to the partial reactions during the electrolysis of an
alkaline solution at the cathode and the anode, the total current
density j consists of two parts, the cathodic and anodic parts.
J=Jatjec (20)
The activation overpotentials at the cathode and the anode in
the electrolyzer are calculated using the Butler-Volmer
equations:

Je=ji e RT T Lo R T 21)

a -, )F
].a _ ]g’g{; e RT Nact,a e RT MNact,a (22)

The production rates of hydrogen (71, ) and oxygen (s, ) in

an electrolyzer cell can be calculated by:
) . 1
mHy, =2I’I’IO2 =Ns XEFE (23)

where €, and N are the Faraday’s efficiency and number of

series cells, respectively. The operational parameters for the
above electrolyzer are given in Table 2.

Pressure switch model In the present system, a normal
closed contact switch is employed to switch the electrolyzer on
(signal 0) and off (signal 1) depending on the hydrogen
pressure in the tank. For stability, a 2-point regulation method
is employed to control the pressure switch. The threshold
pressure and its corresponding hysteresis are 500 kPa and 20
kPa, respectively. That is when the hydrogen pressure in the
tank exceeds 500 kPa, the electrolyzer is switched off to stop
producing hydrogen. If the hydrogen pressure in the tank is
lower than 480 kPa, the pressure switch breaks contact to
electrolyzer that produces the hydrogen.

Model scheme In this work, a multi-domain
simulation program Simplorer is employed to model the wind
hydrogen system. It is a quasi-steady simulation tool with a
modular structure and can offer a wide variety of algorithms to
determine characteristic values, such as average and rms values
or rise and fall time during a transient simulation. Besides
classic gradient-based algorithms, it also offers a sophisticated
genetic optimizer. Conventional manual optimization (trial and
error) can handle only a small number of parameter variations
and is useful for 2 or 3-dimensional parameter spaces. In
contrast, Simplorer can handle higher order problems by using
automated optimization algorithm. Therefore, a wide range of
influences can be taken into account. In addition, it is
composed of linked modules and can be integrated into other
simulation programs (e.g., MATLAB Simulink).

RESULTS AND DISCUSSION

Windpower is the only primary power source in the wind
hydrogen system. It represents the inlet conditions of the
present model. As shown in Fig. 4, two kinds wind dynamics
are studied, i.e., uniform wind speeds (Case 1) and hill-like
distributions of wind speeds (Case 2).

Figure 5 shows the dynamic behaviors of the electrolyzer
and hydrogen tank of Case 1. It is seen that the wind generator
with uniform wind speed starts the electrolyzer with constant
voltages and currents. The electrolyzer produces the hydrogen
that keeps flow rate into the tank at a high level. Meanwhile the
the pressure in the hydrogen tank increases linearly due to
accumulation of hydrogen. When the hydrogen pressure
reaches to 500 kPa, the electrolyzer switched off to stop
producing hydrogen. The hydrogen begins flowing out of the
tank with a constant flow rate. It is used to provide the auxiliary
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power of the standby fuel cell subsystem. Therefore, the
hydrogen pressure in the tank decreases gradually. When the
hydrogen pressure is reduced to 480 kPa, the electrolyzer is
reactive to produce hydrogen again. The slight zigzag of
pressure distribution reflects the control strategy of the pressure
switch mentioned above, which keeps the pressure in the
hydrogen tank in a relatively uniform level, 490 + 10kPa.

The efficiency of the wind hydrogen system is defined the
ratio of hydrogen enthalpy flow to the total windpower across
the wind turbine, i.e.,

_ 12 X o (24)

By
Essentially, Eq. (24) can be also represented by the production
of the subsystem efficiencies, i.e., wind turbine efficiency 7,
gearbox efficiency 7y, asynchronous generator efficiency 1,
AC/DC invertors efficiency 1.4, and water electrolyzer
efficiency nzgr. The turbine efficiency is represented by the
ratio of the mechanical power delivery by the turbine blades to
the windpower input to the wind turbine, while the generator
efficiency is defined as the ratio of the shaft work to the
produced electrical work. The electrolyzer efficiency is defined
as the ratio of the hydrogen production rate to the power
requirement of the electrolyzer. Thus, the efficiency of the wind
hydrogen system can be represented by

NwWH

_ _ 12 X g (25)
NWH =Mtb XNgb XMag XNac/dc XMEZR =—
Figure 6 shows the dynamics of the wind hydrogen system
efficiency along with some selected subsystem efficiencies for
Case 1. Except for the idle conditions, the efficiencies of
turbine, generator, and electrolyzer are 43%, 77%, and 58%,
respectively. The wind hydrogen system efficiency is about
19% (wind speed 5m/s).

Figures 7 and 8 respectively show the dynamics of the
power outs and efficiencies of the wind generator for Case 2. It
is seen that the windpower increases sharply with an increase of
wind speed since the power contained in the wind is
proportional to the cubic of wind speed (Eq. 1). As shown in
Fig. 8, after the cut-in wind speed, the turbine efficiency
slightly increases and then decreases with increasing wind
speed. It has the local minimum at the peak of wind speed
distributions. As for the generator, the efficiency slightly
increases with increasing the wind speed.

Figure 9 shows the dynamics of the electrolyzer and the
hydrogen tank. At the initial stage, the wind is too small to
drive the turbine to power the electrolyzer. Therefore, the
pressure in the hydrogen tank decreases gradually due to the
hydrogen consumption by the standby power requirement of
the fuel cell subsystem. When the wind speed increases over
the cut-in speed, the generator is active by the windpower and
simultaneously the electrolyzer begins to produce hydrogen.
The hydrogen pressure in the tank thus increases gradually. A
sharp increase in the hydrogen production rate fills up the
hydrogen tank quickly. When the pressure reaches to 500 kPa,
the electrolyzer is switched off and then the hydrogen pressure
in the tank is gradually decreased again. Figure 10 shows the

dynamics of the efficiency of the wind hydrogen system. The
efficiencies of wind generator and electrolyzer are also included
for comparison. Under the active conditions, the efficiency of
present wind hydrogen system decreases with increasing
ambient windpower, which is ranged from 10% to 14%.

CONCLUSIONS

Exploiting conservation of mass, momentum and energy in
a wind hydrogen system has developed a dynamic model in this
paper. The majority of the system includes wind generators, an
electrolyzer, and a pressured hydrogen tank. Special attention
has been given to the modeling of subsystems to clearly
quantify the dynamic interactions among each part of the wind
hydrogen system. The integrated model is implemented by
using Simplorer simulation platform. Case studies of examining
the wind-speed effects have demonstrated that the model can
capture the transient dynamic behaviors of the wind hydrogen
system. It also verifies the effectiveness of the proposed
management approach for operation of a stand-alone wind
hydrogen system, which is essential for determining control
strategy to ensure efficient and reliable operation of each part of
the wind hydrogen system. Furthermore, the wind hydrogen
dynamic model can be integrated with fuel cell system models
to design, analyze and optimize the sustainable energy systems.
The extension of this study will be to fully validate the model
in our future work.
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Table 1 Parameters of the Wind generator

Performance Value Unit
Air density 1.229 kg/m
Number of blade 3 -
Rotor radius 2.15 m
Start-up wind speed 2.5 m/s
Cut-in wind speed 2.0 m/s
Rated power 50 kW
Rated wind speed 11 m/s
Rated rotor speed 110 rpm
Furling wind speed 12 m/s
Max. design wind speed 60 m/s

Table 2 Parameters and coefficients of the electrolyzer

Parameters Symbol | Value Unit
Number of cells N 30 -
Cross section area of .
the electrolyte Ae 150 cm
Distance between
electrodes (Electrode Gap) de 0.0003 om
Surface factor of
electrodes Jain 44.5 )
Cathodic standard . ref 3 )
exchange current density Joc 0.12x107 | Afem
Anodic standard ref % )
exchange current density Joa 0.12x107 | Afem
Cathodic transfer o 05 i
coefficient ¢ )
Anodic transfer o 03 i
coefficient a )
[T e
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Figure 1 Typical wind hydrogen fuel cell (WHFC) power

system.
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Figure 10 Dynamics of the efficiency of the wind hydrogen
system for Case 2.
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