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ABSTRACT

In the present paper, we propose a procedure for
balancing primary and secondary pumps in hydronic
systems in central cooling/heating plants. This
procedure is easy to introduce and contribute to a
reduction in the power consumption of the pumps.
For this purpose, we perform experiments and
investigate the effects of adjusting the parameters,
such as the opening of the balancing valves and the
differential pressure set-point. In addition, we
construct a pipe-network calculation module in order
to implement into the TRNSYS programming tool,
and carry out a simulation study to introduce a
recommended balancing procedure, the effects of
which are verified by performing virtual balancing
through a simulation.

INTRODUCTION

When adjustment and balancing are performed on a
hydronic system in a central cooling and heating
plant, it is a common practice to adjust the balancing
valves associated with pumps and the terminal units
until the total system water flow corresponds to the
design value. Such adjusting procedures have been
presented in the literature (NEBB, 2005; ASHRAE,
2007). However, in order to decrease the power
consumption of pumps under partial-load conditions,
consideration should be given to the balancing of
other parameters, such as the staging flow rates, i.e.,
the flow rates at which the number of pumps is
increased or decreased, and the differential pressure
set point in variable-speed control.

Taylor et al., 2002, compared balancing methods for
variable flow hydronic systems and found that
manual balancing does not contribute greatly to the
reduction of the annual pump energy. However, their
report is limited to balancing methods associated
with terminal branches and does not mention
methods associated with primary or secondary pumps.
Hartman, 1993, proposed a control scheme that resets
the pump differential pressure set point based on the
chilled water valve position, and Moore et al., 2003,
introduced this control method to an existing building,
and reported a considerable reduction in power
consumption, as compared to the traditional fixed
set-point control. Although the effect of the control
on the power reduction is remarkable, the control

requires measurement of the valve positions and so is
not always applicable due to budget limitations.

The primary purpose of the present study is to
propose a balancing procedure for primary/secondary
pump systems that are easy to introduce and that
contribute to the reduction in power consumption of
the pumps. As mentioned earlier, standardized
adjustment procedures have been established in order
to ensure design flow rates. However, in a
primary/secondary pump system, it is unclear which
side of the balancing valve should be throttled first in
order to reduce the power consumption of the pump.
In addition, to the best of our knowledge, whether the
primary pump balancing valve should be adjusted or
the secondary pump maximum frequency should be
adjusted in variable-speed control has not yet been
investigated. The present paper describes the effects
of adjustment parameters on pump power and
preferable adjustment procedures for the case in
which there are various combinations of parameters
that will ensure a specified design flow rate in a
primary/secondary pump system.

The hydronic system investigated herein comprises
primary/secondary  pumps, heat  exchangers,
balancing valves, and control valves. Two control
options are evaluated, i.e., constant-speed control and
variable-speed control. In constant-speed control, the
control valve on a bypass circuit associated with the
secondary pumps is controlled so that the differential
pressure between the supply and the return header
(referred to hereinafter as the root differential
pressure) will be maintained constant. In contrast, in
variable-speed control, the frequency of the
secondary pumps is controlled so that the differential
pressure of the hydraulically farthest terminal unit
from the pumps (referred to hereinafter as the
terminal differential pressure) will be maintained
constant.

First, using an experimental apparatus, the influence
of two balancing parameters, i.e., the opening of the
pump balancing valves and the differential pressure
setting, on the power consumption of the pumps is
evaluated. Next, whether the results of the above
experiment are true for a hydronic system in an
actual-scale building is evaluated by means of a
simulation study. Finally, a balancing method is
proposed in order to reduce the power consumption

- 2507 -



Proceedings of Building Simulation 2011:

12th Conference of International Building Performance Simulation Association, Sydney, 14-16 November.

e !
* . terminal \_:_|_,_E‘_'_
AHU X - nits \\_

Hot water from
heat source

Primary pumps

Chilled water
from heat source

(Actual system) (Experimental apparatus)
Figure 1 Actual and experimental water circuits

Control valve
e Terminal
- differential

Secondary pump pressure

balancing valve -- -- Primary pump
ing vaiv I' @ 1 balgncing valve

Terminal bypass §

[ 'Root
idifferential
: pressure

: Primary
/'/ bypass

Secondary

bypass \

=

Secondary Primary
pump pump

Figure 2 Flow diagram for the primary/secondary
pumping experiment

Table 1 Experimental case''
(A: Constant speed control) (B: Variable speed control)™

Opening | Set point | Opening Opening | Set point
of the |for the root| of the of the for the
Case primary | differential | secondary Case primary ?ermmal
pump pressure pump pump | differential
balancing [kPa] balancin“g balancing pressure
valve* valve* valve * [kPa]
A1-1 Large 155 Small B1-1 Large 59
A1-2 Small 155 Small B1-2 Small 119
A1-3 Large 105 Small B1-3 Large 119
A1-4 Large 155 Large B1-4 Large 179

*1: Staging flow rate is set to 80 L/min in every case.

*2: The secondary pump balancing valves are fully opened.

*3: In “Large” setting, the pressure difference between the header “B” and
the header “C” (refer to Figure2) is adjusted to 121kPa (Pressure in the
header “B” is higher than “C”) under the conditions where all gate balves
in the secondary circuits are closed, and the primary baypass valve is
fully opened. In “Small” setting, the pressure diference is adjusted to
31kPa.

*4: In “Large” setting, the pressure difference between the header “A” and
the header “B” (refer to Figure2) is adjusted to 155kPa. In “Small”
setting, 105kPa.

of the pumps, and the effects are verified by
performing virtual balancing through a simulation.

EVALUATION USING THE
EXPERIMENTAL APPARATUS

Experimental apparatus and investigated case

The experiment was performed using an apparatus
that simulates the water circuit of an HVAC system
with a central heat source. The actual hydronic
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system and the experimental apparatus are shown in
Figure 1.

By opening and closing the gate valve of the
experimental apparatus, the system was arranged as
shown in Figure 2, where two primary pumps and
two secondary pumps are connected in series. As
described above, constant-speed control and variable-
speed control were evaluated. In the constant-speed
control, the root differential pressure is controlled by
modulating secondary bypass valves (see Figure 2).
Even in the variable-speed control, the terminal
differential pressure is controlled by modulating the
secondary bypass valve when the pump frequency is
decreased to the lower limit.

The experimental conditions for each control mode
are listed in Table 1. The power consumption of the
pumps and the bypass flow rate were measured. The
total required flow rate on the secondary side was
changed from 0 to 160 L/min at 16 L/min intervals.
In this case, the two-way valves in each branch were
controlled so that the flow rate ratio of each branch
was HEXI1:HEX2:terminal bypass = 1:1:2. In
addition, in the constant-speed control, the primary
and secondary pumps were operated at 38 Hz. In the
variable-speed control, the lowest frequency of the
secondary pump was set to 10 Hz (the primary
pumps were maintained at 38 Hz).
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Results of the experiment involving constant-
speed control

Figure 3 shows the effect of the opening of the
primary pump balancing valve. The power
consumption of the pumps is reduced for case Al-2,
in which the pump balancing valves for the primary
pumps were throttled. From a theoretical viewpoint,
for the situation in which the pump operates at a
constant speed, the lower the flow rate through the
pump, the lower the power consumption. By
reducing the opening of the primary pump balancing
valves, the resistance to the primary pumps was
increased and the flow rate through the primary
pumps was decreased, which is one reason for the
decrease in total power consumption of the primary
and secondary pumps. The total power consumption
was also reduced because the bypass flow rate of the
secondary pumps was reduced (Figure 5). In other
words, when the differential pressure between the
discharge and suction sides of the primary pumps
was decreased by throttling the primary pump
balancing valve, the secondary bypass valves tended
to be closed in order to maintain the root differential
pressure. As a result, the secondary bypass flow rate
was reduced, the flow rate passing the secondary
pumps was reduced, which decreased the power
consumption of the secondary pumps.

In case Al-2, in which the opening of the primary
pump balancing valves was low, the total system
water flow did not reach the required flow rate, i.e.,
an overload occurred (See Figure 3). In addition, a
reverse flow was observed in the primary bypass pipe,
i.e., a flow occurred, which was directed from the
suction side header of the primary pump to the
discharge side header. This is not desirable because
the return water from terminal units is not cooled by
the chillers, which increases the temperature of the
supply water to the terminal units.

Figure 4 shows the effect of the root differential
pressure setting, and Figure 6 represents the effect of
the opening of the secondary balancing valve. By
increasing the root differential pressure set point or
decreasing the opening of the secondary pump
balancing valve, the secondary bypass flow rate can
be decreased (Figure 5), and the power consumption
of the pumps can be reduced. As shown in Figure 7,
the secondary bypass flow rate can be decreased by
increasing the root differential pressure or by
throttling the secondary pump balancing valve. As a
result, the power consumption of the secondary
pumps is decreased.

These results suggest that the root differential
pressure should be set to the highest possible value,
as long as no problem occurs in the pressure-proof
property of the piping or in the controllability of the
control valves. In addition, the opening of the
primary and secondary pump balancing valves
should be set lower. However, in the evaluation
performed herein, the staging flow rates of the pumps

were fixed. When the pump balancing valves are
throttled, the staging flow rates of the pumps should
also be set lower. As a result, more pumps are to be
operated at a lower flow rate, and there are
possibilities to increase the pump electricity.

Results of the experiment involving variable-speed
control

The effect of the opening of the primary pump
balancing valves is shown in Figure 8. In case B1-2,
the primary bypass flow is decreased by throttling the
primary pump balancing valves (Figure 8, right). In
addition, the power consumption of the primary
pumps is reduced (results omitted). In contrast, the
frequency of the secondary pumps increases (Figure
8, right) in order to compensate for the pressure loss
that occurred at the primary side. As a result, no
substantial difference is observed in the total power
consumption of the pumps (Figure 8, left). Figure 9
shows the effect of the terminal differential pressure
setting. For case B1-1, in which the terminal pressure
was set lower, overload occurs. However, the
frequency of the secondary pumps is reduced, and
power consumption of the pumps can be reduced.
These results reveal that the terminal differential
pressure should be set lower as long as overload will
not occur. Whether opening the primary pump
balancing valve is advantageous depends on the
operating conditions or the characteristics of the
equipment used. This subject will be discussed later
herein based on the simulation study.

EVALUATION BY SIMULATION

Calculation method

A simulation is performed in order to evaluate
whether the experimental results described above are
true for an actual-scale cooling and heating plant.

The simulation program is set up by incorporating
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newly developed modules into the TRNSYSI15
calculation tool. Figure 10 depicts the module
connections for the TRNSYS simulation. There are
three types of module, i.c., the network calculation
module, the PID module, and the pump module. The
network calculation module calculates the flow rate
and water pressure for each part of the pipe network
based on input variables such as the openings of the
modulating valves and the pump curve characteristic
parameters. The PID module outputs the openings of
the modulating valves so that the flow rates for each
branch meet the required flow rates, which are input
parameters for the simulation studies. In variable
flow control, another PID module outputs the pump
frequency so that the terminal differential pressure
satisfies the set point. The pump module calculates
the power consumption as well as the pump curve
parameters based on the frequency and the flow rate
passing through the pump. The TRNSYS kernel
iterates each module calculation at each time step
until overall convergence occurs.

In the network calculation module, the pressure loss
in the pipes and the heat exchangers is assumed to be
proportional to the square of the flow rate, as shown
in Equation 1 in Table 2. The elements (pumps and

Table 2 Equations for hydraulic calculation

AP=kQ’? (1) E

ke =kitk, 2) n

Wiy =l +, @)k

AP=ayta,Q+a;0°  (4)

E= Q4P /n 5)

n=erte,0+e:0°  (6)
AP : Pressure loss [Pa]
Q :Flow rate [m%/s]

: Pump electricity [W]
: Pump efficiency [-]
: Resistence parameter
[Pa/( m*/s)*]
ki, kz: combining resistance
ke ke,p: combined resist-
ance (series, parallel)
ay, a1, a2, €, €1, €; : Parameters
at the nominal frequency

Openings of each control valve

Required branch flow rates,
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Figure 10 Module connections for the TRNSYS simulation
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resistances) are sequentially combined one after
another, and the entire piping network is replaced by
a single combined element. Here, combining
elements means that serial and parallel synthesis of
two elements is preformed based on the relation
between the flow rate and the pressure loss for each
of the elements. When combining two resistances,
analytical equations are used, as shown in Equations
2 and 3. For combining a pump and a resistance,
numerical synthesis is performed as depicted in
Figure 11. According to Kirchhoff’s law, the sum of
pressure losses over the piping loop is 0. In the
relational expression of the flow rate and the pressure
loss to the element that is finally synthesized, the
total flow rate is determined at the point at which the
pressure loss is 0 (Figure 12). Finally, based on the
obtained total flow rate, the flow rates (parallel
elements) or the pressure differences (series
elements) are assigned to each element according to
the flow-pressure relationships by means of
analytical or numerical methods. Figure 13 shows the
numerical method for series de-coupling.

For the pump module, the head is approximated by
the polynomial of the flow rate given in Equation 4.
The pump power is calculated using Equations 5 and
6. Affinity laws are applied for frequencies other than
the nominal frequency.

Validation tests

In order to confirm the accuracy of the model, the
results of the network calculation were compared
with the measurements obtained wusing the
experimental apparatus. Based on the experimental
results, the piping resistance and pump characteristics
were obtained and were used as parameters in the
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Figure 12 Calculation of the total system flow rate
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Table 3 Simulation case™
(A: Constant speed control)  (B: Variable speed control)™

Opening Root Opening Opening | Terminal
of the |differential| of the of the |differential
Case | primary | pressure |secondary Case | primary | pressure
balancing| [kPa] |balancing balancing| [kPa]
valve valve valve
A2-1 Open 450 Open B2-1 Open 100
A2-2 Small 450 Open B2-2 Small 100
A2-3 Open 450 Small B2-3 Open 60
A2-4 Open 600 Open B2-4 Open 150

*1:“Open” indicates the valves are fully opened. “Small” means the

resistance parameter (“k” in Equation 1) of the balancing valves are
larger than that of fully opened valves by 5.0X10° kPa/(I/min)?.
*2: The secondary pump balancing valves are fully opened.

simulation. As shown in Figure 14, the values of
pressure and flow rate on the secondary side agree
well for each flow rate, and the validity of the model
is confirmed.

Model building

In order to evaluate an actual-scale building, an 18-
story office building was selected as the model for
use in the simulation study. The total floor area of the
building, which is located in Tokyo, Japan, is 34,500
m’. The water hydronic system comprises primary
pumps, secondary pumps, and resistances. The
specifications of the pumps are given in Figure 15,
which also shows a piping system diagram. Air
handling units on each floor are grouped into five
zones, and 648 air handling units are installed in the
building. When total flow rate on the secondary side
is changed, the flow rate ratios, i.e., the values of the

required flow rates divided by the design flow rates,
are assumed to be the same for all air handling units.

Results of calculations for the model building
(1) Results for constant-speed control

The simulation cases are shown in Table 3. The
staging flow rates are set to 1,800 and 3,600 L/min,
respectively, for the primary pumps, and to 1,200,
2,400, and 3,600 L/min, respectively, for the
secondary pumps. The influence on the power
consumption of the pumps due to the change of each
parameter revealed a qualitatively similar tendency to
the experimental results described in the previous
section. Therefore, in actual buildings, in the case of
root differential pressure control, when the pump
staging flow rates are set to fixed values, the root
differential pressure should be set to a higher value,
and each of the primary and secondary pump
balancing valves should be throttled in order to
reduce the power consumption of the pump.

(2) Results for variable-speed control

In case B2-2, in which the primary pump balancing
valves are throttled than in case B2-1, the calculation
results revealed that the primary bypass flow rate
decreased and the secondary pump frequency
increased as in the case considered in the experiment.
As mentioned previously, the experimental results
revealed that the total power consumption of the
pumps did not differ significantly between the two
opening settings of the primary balancing valves.
However, as shown in Figure 16, when the primary
balancing valves are throttled (case B2-2), the total
power consumption increased in this simulation. In
the present simulation, the design head of the
secondary pumps is higher than that of the primary
pumps, whereas all of the pumps used in the
experiment had the same design head. As a result,
when throttling the primary balancing valves in the
simulation, the increase in power consumption of the
larger secondary pumps was higher than the
reduction in power consumption of the smaller
primary pumps, which results in a net increase in the
power consumption in the simulation results. The
effects of the changes in the terminal differential
pressure on the power consumption of the pumps
were similar to those observed in the experiment.

These results reveal that in order to reduce the power
consumption of the pump it is effective to open the
primary pump balancing valves and to set the
terminal differential pressure lower, as long as
overload does not occur.

Efficient balancing procedure in the model
building

Based on the experimental results and the results of
the simulation, it was possible to identify the
influence of the changes of individual balancing
parameters on the power consumption of the pumps.
Based on these findings, a balancing procedure of
adjustable parameters was proposed, and the effect of
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Table 5 Adjusted parameter values
(A: Constant speed control)

Opening of the | Root differential | Staging flow rate for
Case primary pressure [kPa] the secondary

balancing valve pumps [I/min]
A3-1 Fully open 700 2800, 4200
A3-2 Adjusting 700 1800, 3600, 4200

(B: Variable speed control)

Terminal Highest frequency| Staging flow rate for
Case differential | for the secondary the secondary
pressure [kPa] pumps [Hz] pumps [I/min]
B3-1 107 45 2600, 3600, 4200
B3-2 107 45 (All pumps operated)

the balancing procedure on the reduction of the
power consumption of the pumps for an actual-scale
building was evaluated. The target operating
conditions are (1) a low total power consumption of
the pumps, (2) satisfaction of the required total
system flow rate, and (3) no reverse flow on the
primary bypass route. Here, the staging flow rates for
the secondary pumps are regarded as one of the
adjustable parameters, which, in the preceding
sections, were limited to the openings of the
balancing valves and the differential pressure. The
primary pump staging flow rates are fixed at the
values described in the preceding section.

In order to evaluate the accumulated energy
throughout a year, the frequency distribution of the
secondary side flow rate was acquired from the
measurement results for an actual building (Figure
17). The annual integrating power consumption
[kWh] was then obtained by multiplying the electric
power [kW] calculated for each flow rate by the
frequency [h] of the corresponding flow rate.

annual electricity consumption

(1) Balancing for constant-speed control

Table 4 shows the balancing procedures established
based on the findings of previous studies. In the
constant-speed control, the root differential pressure
is set to be high enough so that the secondary bypass
valve may not open. As long as the secondary bypass
does not open, it is not advantageous to throttle the
secondary pump balancing valves. Therefore, these
valves are completely open. In contrast to the case
considered in the previous section, in which the
staging flow rates of the pumps are fixed, whether
the primary pump balancing valve should be throttled
is unclear for the case in which the staging flow rates
are regarded as adjustable parameters. Therefore, the
two balancing procedures of cases A3-1 and A3-2 are
comparatively evaluated. In case A3-1, an attempt
was made to increase the staging flow rates for the
secondary pumps, i.e., to decrease the number of
secondary pumps operated, by fully opening the
primary balancing valves. On the other hand, in case
A3-2, an attempt was made to decrease the flow rate
passing through the primary pumps by throttling the
primary balancing valves.

The parameters obtained through the balancing
procedure for each case are shown in Table 5. In case
A3-1, up to three secondary-pumps are operated,
whereas, in case A3-2, all four pumps are operated.
Figure 19 indicates that the minimum annual energy
consumption is obtained for case A3-2, which is 27%
less than that for case A2-1, in which no balancing
was performed. Figure 18 shows that, at high flow
rates, the power consumption of the pumps is larger
for case A3-2 than for case A3-1. The annual energy
consumption for case A3-2 is lower than that for case
A3-1 because the annual frequency for the lower
flow rate is rather high, and the adjustment procedure
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for case A3-2 contributes to the reduction of the
power consumption of the pumps at the low flow
rates, where only one secondary pump is operated.

(2) Balancing for variable-speed control

Based on the simulation results described in the
preceding section, the pump balancing valves are
completely open for both the primary and secondary
pumps. During the adjustment procedure, the two-
way valves of the air handling units are completely
open. While all of the pumps are in operation, the
frequency of the secondary pumps is decreased, and
the terminal differential pressure at which the total
system flow rate satisfies the design value is regarded
as the terminal differential pressure setting value. At
the same time, the pump frequency at this time is
regarded as the highest frequency of the secondary
pump. In case B3-1, an attempt was made to reduce
the number of secondary pumps in operation,
whereas, in case B3-2, an attempt was made to
decrease the frequency of the pumps by operating all
of the pumps at all times.

According to Figure 19, the annual energy
consumption is increased in case B3-1 more than in
case B2-4, in which there was no balancing. This
may indicate that, in the terminal differential pressure
control, the increase of the staging flow rates may not
lead to energy savings. In case B3-2, the energy
consumption is reduced by approximately 4%, as
compared to case B2-4. In case B3-2, all four pumps
operated at the lowest frequency at low flow rates. If
the number of pumps had been decreased adequately
at low flow rates, a greater energy reduction could
have been expected.

CONCLUSION

In the present paper, a balancing procedure for
primary/secondary pump systems of the central
cooling and heating plant is proposed with the goal of
reducing the power consumption of the pumps.

In the constant-speed control, in which the control
valve on a secondary bypass circuit is controlled to
maintain the root differential pressure, the differential
pressure set point should be increased so that the
secondary bypass flow will not occur. It is not
advantageous to adjust the secondary pump
balancing valves when the differential pressure is set
to be sufficiently high. Moreover, if only one
secondary pump is operated at a high frequency
throughout a year, the power consumption of the
pump can be reduced by throttling the primary pump
balancing valves, even though the staging flow rates
for the secondary pump must be set lower.

In the variable-speed control, the differential pressure
should be set as low as possible, as long as no
overload occurs and the balancing valves for
primary/secondary pumps should set wide open. The
staging flow rates for the secondary pumps should be
set adequately in order to decrease the pump
frequency.

In the present study, only the power consumption of
the pumps was considered. In the future, the
balancing method to increase the overall energy
efficiency, including the heat source, should be
further examined by taking into account the
temperature difference in the air handling units as
well as the influence of the number of the heat source
in operation.
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