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Abstract: Under market environments, electric customers are offered choices to manage
and pay for their electricity usage corresponding to the wholesale price; this is referred to
as demand response. This paper presents a framework for the demand response of
commercial sector, particularly applies to the pumping systems of tall buildings. The
problem is to control the pumping system in response to the market price to minimize the
electricity charge. The idea is to utilize the tank on the top as an energy storage component
to manage the electricity consumed for pumping, i.e., from on-peak to off-peak hours, at
the same time, to maintain sufficient water in the tank for usage. The problem is
formulated and solved by dynamic programming method. Then, it is tested in a case study
assuming markets for real-time pricing.
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1. Introduction

Smartgrid applies advanced automation and communication technologies into the existing grid in
order to improve the security, reliability and economics of the production, transmission, and
consumption of electricity. One of the key components of smartgrid is Advanced Metering
Infrastructure (AMI) which enables the real-time information to exchange between provider and
consumer, e.g., real-time price of electricity. It creates opportunities for the end-users to reduce
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electricity charge by responding accordingly to the condition of the wholesale market; i.e., Demand
Response (DR). Today, DR becomes a growing resource base that system operators rely on maintains
the reliability and economics on the power grid.

Generally, DR program can be applied to the loads which are associated with the capability of
storing energy: batteries, hydro-pumped storage, etc. or the loads with slow dynamics: heating or air
conditioning systems, etc. In this work, we realize a common load which naturally provides the
capability of energy storage: the water supply system of buildings with a roof tank. Consequently, DR
can be applied that the pump should be managed to pump and store water into the tank when the
electricity is cheap, at the same time, to avoid running during high price time. Thus, we propose a
framework to schedule and control the pumping system in building under real-time pricing
environments. The problem is to minimize the electricity charge to pumping system, while subject to
the constraint of tank capability, pump capacity and also, the demanded water. The problem is
formulated in Dynamic Programming (DP) framework and solved by DP backward algorithm.

2. Water Supply Systems in Buildings
2.1. Water Supply System Configuration

The use of roof tanks to store and maintain adequate amount of water with certain pressure in
buildings is very common. The simplest structure consists of a water tank, i.e., break tank, in front of
the pump to ensure water supply to the demand when the mains are not available, and another tank on
the top to ensure adequate pressure for usage [Figure 1].

Figure 1. Water supply system configurations: (a) A single roof tank system. (b) A single
pressurized system. (c) Combined system with two tanks (in series).
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The break tank is filled with water during low consumption periods and ensures the availability of
water. The pumping system consists of a booster pump to elevate water to the roof tank and a pressure
pump to ensure adequate pressure for the top floors (e.g., about six upper floors).

This configuration takes advantage of simplicity, technology maturing, and space saving. However,
the disadvantage includes insufficient and excessive pressure on the uppermost floors and the lowest
floors, respectively, consequently, requiring higher pressure grade of pipe, and microbiological growth
in the tank, etc. Of course, there are many other configurations of water systems in buildings such as
multiple tank systems, single pressurized systems, zonal pressurized systems, and the combination of
those (tanks and pressurized pumps), etc.; each of them has its own pros and cons. In the scope of this
paper, we will focus on the single roof tank system to respond to the variation of the market price and
believe that the other types can be treated with not much modification.

2.2.Energy Consumption of Pumping Systems

Normally, the pump is controlled automatically to keep the water level of the tank within a certain
range: when the water drop down to a certain lower level, the pumps will be activated by a floating
switch to refill the tank up to a predetermined upper level. The energy consumed can be calculated by
the following formula.

E=Q'[;'T, [kWh] (1)

Where, E is the energy consumption, [KWh], Q is the amount of water flow through the (booster)
pipe, [m*/s], H is the pressure height, [kPa], T is the pumping duration, [h], and 7 is the efficiency of
the pump, [p.u.].It is noted that H is expressed in term of pressure, [kPa], which is proportional to the
geometrical distance between the lower and upper tank.

2.3. Consumption Profiles

It is obvious that the water stored in the upper tank has to be available for users when needed.
Hence, the load profile (i.e., water usage) is very important when scheduling and operating pumping
system. In this work, we consider commercial (and office) buildings in which the water usage varies
greatly during the day. The largest water flow occurs in the morning with the start of service activities
such as cleaning, coffee making, cooking and washing, etc. Then, the flow fluctuates in the rest of day,
but does not reach as high as in the morning. There is virtually no consumption in late evening and
overnight in these building. The load profile can be expressed in term of the flow during 24-hour
period and the duration showing hours per day the flow is above an indicated amount.



Figure 2. Load profile of the water usage. (a) The water flow. (b) The duration curve.

50 50
40 /\ \

| |
TN A
A L .

r r r r r r r I
0o 2 4 6 8 10 12 14 16 18 20 22 24 0o 2 4 6 8 10 12 14 16 18 20 22 24
Time (hour) Duration (h)

(@) (b)

Water flow (ms/h)
v
(=}

Water flow (ms/h)
w IS
(=] (=3

3. Problem Formulation

The problem is to schedule the pumping system of buildings according to the real-time price to reduce
the daily charge of electricity (i.e., corresponding to day-ahead hourly electricity market). Therefore,
the objective is to minimize the sum of electricity payment in each stage of a day. The problem is
subject to some constraints such as the tank capability, the pump capacity, etc.
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where, pR" is the real-time price, [¢/kWh]; Pk is operating power of the pumping system during stage k,
[KW]; AT is the time basis of the real-time market, which is 1/12 hours (i.e., 5 minutes); K is the
number of stage in a day (which is 288 in this paper); xx is the amount of water stored in the tank in the
beginning of the stage k, [m®]; uy is the water pumped into the tank during stage k, [m®]; w is the
output flow (i.e., consumption) during the stage k, [m®]; Pmin and Pmax are the capacity limits of the
pumping system, [KW]; and Xmin and Xmax are the limits of the tank capability, [m?].



In the above formulation, (2) indicates the sum of payment in each stage which is calculated base on
the market price and the usage. Equation (3) expresses the water amount in the tank in each stage
which is driven by the pumping system and usage of the last stage. Equation (4) and (5) show the
constraints of the tank capability and the pumping capacity. Equation (6) is the water amount and the
operation power.

4. Dynamic Programming Method: the Backward Algorithm

In this paper, we introduce Dynamic Programming (DP) method to solve the problem. In DP
framework, the state variable is defined as the amount of water in the tank in the beginning of each
stage. Discretizing the state variable and breaking down the time horizon, the problem becomes the so-
called deterministic finite problem, thus, the DP backward algorithm can be applied. The DP
framework is shown in Figure 3.

Figure 3.DP framework for deterministic finite state problems.
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The DP backward algorithm is to find the solution of sub-problems, i.e., optimizing the process in
the following stage given the current state. The algorithm starts from the last stage and goes through
every possible state, at each state, the algorithm will find the control variables (i.e. input) which
optimize the objective function of the sub-problem. After going through every state, the algorithm will
move backward to the previous stage and the computation is repeated, and so on. The algorithm
terminates once the initial stage is reached and, again, all possible states are scanned through.

The DP backward algorithm can be formulated as the following formulation:

Jxn (xK+1) =0
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5. Case Study

In this section, the above framework for scheduling and operation scheme of pumping system is tested
in a commercial building assumed that the real-time market has been implemented. It is a 120-floor
building equipped with a roof tank and controlled pumping system. Parameters of the system are in
Table 1. The load profile is given both water flow and duration [Figure 2].

Table 1. The pumping system of the commercial and office building.

Tank capability (m®) Pumping capacity (kW)
Pump efficiency (p.u.) Height (kPa)
Xmax Xmin Prmax Control level
150 30 50 10 0.85 2897

The real-time price is displayed in Figure 4. The proposed framework for scheduling and operation
of the pumping system is applied and compared with the traditional operation scheme was done. The
traditional scheme is that the pump is turn on/off whenever the water in the tank drops down or is filled
up to pre-specified levels. Figure 4(a) shows the real-time price which is referred from JPM electricity
market. Figure 4(b) shows the cost per stage (5 minutes) between two schemes. Figure 5 shows the
comparison in details with respect to operating power of the pump and states of the water tank. The

daily cost of the proposed scheme is $7.78, while which is as high as $11.26 with the traditional
scheme.

Figure 4. (a) Real-time price in a day. (b) Cost per stage between two schemes.
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Figure 5. Comparison between two schemes. (a) Operating power of the pumping system. (b) State of

the tank.
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6. Conclusion

This paper has discussed a possible DR applied to pumping systems of commercial buildings under
real-time market. The idea is to take advantage of the roof tank as an energy storage device that is
naturally provided. Then, the paper has presented formulation to minimize the cost associated with
electricity usage in a day. The problem is subject to constraints like tank capability, pump capacity,
etc. The test in a case study and the comparison with the traditional scheme performed in the end of the
paper showed that the proposed scheme significantly changes the operation of the system which lets to
the saving in this case is about 30.9%.

In this paper, the problem is formulated for single boost water supply systems with roof tank (i.e.,

tank on the top). In future work, we expect to generalize this problem to other types, e.g., multiple
tanks, etc.
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