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Energy recovery in a circulating water system
will obtain a good performance. 
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Previous work: auxiliary pumps are introduced

How to obtain the theoretical limit of    

the network’s energy consumption ?
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main pump auxiliary pump

main pump

Traditional pump network
Optimized pump network 

with auxiliary pumps

(1):       Only main pump(s),

power may waste in branch 1,2,3,4

(2): Combination of main pump(s) and auxiliary pump(s),

no energy waste 

water turbine

Fluid machinery network

(3): water turbines are used for excess energy recovery

ℎ0= max ℎ1, ℎ2 , ℎ3, ℎ4
energy waste

ℎ𝐵,4= ℎ4+ ℎ0
ℎ𝐵,3= ℎ3+ ℎ0
……..

no  energy waste
Fluid Machinery Network
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the minimum theoretical 

power requirement

the maximum theoretical

power recovery 
Energy target

pump network water turbine network fluid machinery network

energy target means the theoretical limit of 
the network’s energy consumption.
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𝑃𝑃𝑖 :     pump power consumption of branch i

𝑃𝑊𝑖
:     power recovery by the water turbine in branch i

𝑃𝑡𝑜𝑡𝑎𝑙:    represents the total power consumption----energy target

𝑦𝑖 :      binary variable ,determines whether a water turbine is installed or not

1.How to set the 
pump network.

2.How to set the 
water turbine 

network

Objective function:
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A simple circulating water system

Node 1 or 3 is the point with the minimum pressure

ℎ𝑝𝑢𝑚𝑝 = max(𝑧𝐵 + ℎ𝑓0−1 + (𝑝1 − 𝑝0)/𝜌𝑔, 𝑧𝑡𝑜𝑤𝑒𝑟+ℎ𝑓0−3 + ℎ𝑤 )

𝐻𝐵,𝑖: The effective height of branch i 𝐻𝑡𝑜𝑤𝑒𝑟 :The effective height of tower

If ℎ𝑝𝑢𝑚𝑝 = 𝐻𝐵,𝑖

If ℎ𝑝𝑢𝑚𝑝 = 𝐻𝑡𝑜𝑤𝑒𝑟

With excess power , water turbine could be added

no excess power , water turbine cannot be added

the minimum pressure
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𝑎 : 𝑍𝐵 + ℎ𝑝>𝑍𝑡𝑜𝑤𝑒𝑟
𝑏 : 𝑍𝐵 + ℎ𝑝 < 𝑍𝑡𝑜𝑤𝑒𝑟

When less than V’,   𝐻𝐵 > 𝐻𝑡𝑜𝑤𝑒𝑟,water turbine should be placed,

When more than V’,   𝐻𝐵 < 𝐻𝑡𝑜𝑤𝑒𝑟,water turbine should not be placed.

In any case , 𝐻𝐵 < 𝐻𝑡𝑜𝑤𝑒𝑟,water turbine should not be placed.

necessary condition of a water turbine placement: 𝐻𝐵> 𝐻𝑡𝑜𝑤𝑒𝑟

 (𝐻𝐵 −𝐻𝑡𝑜𝑤𝑒𝑟 ) could be recovered  

ℎ𝑝𝑢𝑚𝑝 = max(𝑧𝐵 + ℎ𝑝 + ℎ𝑓0−1 , 𝑧𝑡𝑜𝑤𝑒𝑟+ℎ𝑓0−3 + ℎ𝑤 )

When the structure of fluid machinery network is determined, the             

energy target can be solved then.
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Branch 

   i 

Pipe  Heat Exchanger 

Li(m) Di(m) E-i ni Ni di(m) li(m) Qi(W) 

1 20 0.1023 E-1 1 92 0.016 2.44 241028 

2 50 0.0627 E-2 2 30 0.016 2.44 76929 

3 50 0.0627 E-3 2 30 0.016 2.44 272629 

4 50 0.0627 E-4 2 30 0.016 2.44 232222 

5 50 0.0627 E-5 2 30 0.016 2.44 34833 

 

Table 1 Data for the example (pipes and exchangers) 

E1

P0

E2

E3

E5

E4

E1

P0

P1 W1

E2

E3

E5

E4

(a) (b)

(a): original network (b): optimized network

Main pump:       31.2 m

Auxiliary pump: 4.4m

Water turbine placement: Branch 1

Energy target: 22.05 kW
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𝐻𝐵 and 𝐻𝑡𝑜𝑤𝑒𝑟 under different flow rate of circulating water

branch 3,4,5 : no excess energy for water turbine.
branch 1,2   :  it depends.

when less than A, 𝐡𝟑 = 𝐡𝟒 = 𝐡𝟓 = 𝐇𝐭𝐨𝐰𝐞𝐫,                            1 main pump + 2  auxiliary pumps
when between A and B, 𝐡𝟐 = 𝐡𝟑 = 𝐡𝟒 = 𝐡𝟓 = 𝐇𝐭𝐨𝐰𝐞𝐫, 1 main pump + 1  auxiliary pumps
when more than  B, 𝐡𝟏 = 𝐡𝟐 = 𝐡𝟑 = 𝐡𝟒 = 𝐡𝟓 = 𝐇𝐭𝐨𝐰𝐞𝐫,  1 main pump

Pump network 
Water turbine network 
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Table 2 Energy target with different flowrate of circulating water

With the change ratios of circulating water flow rate Q as 50 %, 100 %, 150 %, 200 %, the change 

ratios of the corresponding energy target are 28.64 %，100 %，262.46 %，563.45 %, respectively.

Flow 

rate

Power Requirement and Recovery (W) Energy 

target

(W)

Branch 1 Branch 2 Branch 3 Branch 4 Branch 5

P1 W1 P2 W2 P3 W3 P4 W4 P5 W5

0.5Q 4348 1051 842 56 745 0 745 0 740 0 6314

Q 11575 913 2840 0 2856 0 2854 0 2835 0 22048

1.5Q 27476 0 7580 0 7624 0 7618 0 7569 0 57868

2Q 59299 0 16194 0 16289 0 16277 0 16170 0 124229
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The difference value between the minimum theoretical power requirement 

of the pump network and the maximum theoretical power recovery by the 

water turbine network is the energy target of the fluid machinery network.

1

2
Based on the concept of effective heights, the necessary condition of setting 

a water turbine is obtained as that the effective height of the branch should 

be larger than that of the cooling tower. 

3
By a graphical representation based on the model, how to set the fluid 

machinery in a circulating water system under different water flow rate can 

be determined easily.  
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