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Abstract: Hydraulic turbines for energy recovery in wastewater treatment plants, with relatively
large discharges and small head jumps, are usually screw or Kaplan types. In the specific case of a
small head jump (about 3 m) underlying a rectangular weir in the major Palermo (Italy) treatment
plant, a traditional Kaplan solution is compared with two other ones: a Hydrostatic Pressure Ma-
chine (HPM) located in the upstream channel and a cross-flow turbine located in a specific under-
ground room downstream the same channel.

Keywords: Hydrostatic Pressure Machine; Cross-flow turbine; Low head turbines.

1. Introduction

WasteWater treatment plants (WWTPs) are industrial systems that require large
amounts of electricity for their processes [1]. The awareness that these systems, in order
to guarantee compliance with the environmental limits of the threated water, require high
quantities of energy, combined with the growing need to make these systems increasingly
sustainable, have encouraged research and the use of methodologies for the energy effi-
ciency and partial recovery [2]. The proposed work is placed in this context and aims to
investigate, through a case study, the possibility of electrical energy recovery within the
water treatment cycle using low-cost hydraulic turbines.

2. Turbine description and selection

In WWTPs many sections of the water treatment lines are usually suitable for hydro-
power production. In the traditional mosaic diagram discharge and head drop usually
fall in the range of low-head turbines, with a weakly variable discharge greater than many
hundred /s and a head drop smaller than 4-5 m. In this field Kaplan turbines have usually
the larger efficiencies, along with a significant construction and installation cost. In the
following, the performance of a commercial small Kaplan turbine is compared, for a spe-
cific case study, with two possible alternatives, recently proposed in literature. The first
alternative is a Cross-Flow turbine with horizontal axis, designed according to the proce-
dure proposed in [3-7] The second one is the Hydrostatic Pressure Machine (HPM), pro-
posed in [8-11], which is a “mill” type turbine to be displaced inside an open channel.

2.1. Cross-flow turbine

Cross-Flow turbines are traditionally classified as action turbines, with a good per-
formance in the same field of the more expensive Francis turbines. The water flux enters
inside the rotor through the inlet surface of the nozzle in the first stage and leaves it
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through the exit one. A mobile flap allows a restriction of the inlet area to change the
characteristic curve when a discharge reduction occurs, with a minimum efficiency reduc-
tion. New design criteria have been proposed in [3-7]. According to these criteria high
efficiency values, up to 83%, have been previously obtained both in 3D ANSYS CFX sim-
ulations and in lab experiments using standard head drop values [12].

A more extended discussion of the Cross-Flow turbine design and of its management
criteria can be found in [3-7].

2.2. Hydrostatic Pressure Machine (HPM)

The Hydrostatic Pressure Machine (HPM) is a novel type of hydropower converter
[8] inspired to the ancient water mills. HPM converts only the potential energy of the wa-
ter flow, without any transformation from the potential to the kinetic form [9].

HPM installation inside a channel requires very little modifications of the existing
infrastructure and is a good choice in water flumes with very low available head drop,
like irrigation or wastewater channels, where conventional hydraulic or hydrokinetic tur-
bines are inefficient, or just too expensive because of the low power rating [9].

The functional scheme of the HPM is shown in Figure 1.

-

Figure 1. Functional scheme of the HPM

Where:

T.E.L.: Total Energy Level [m];

hi: the water depth of the upstream channel [m];

hz: the water depth of the downstream channel [m];
H: the Head difference [m];

v1: the water upstream velocity [m/s];

v2: the water downstream velocity [m/s];

1722 - 1712

Ah = ?: (1)
Fi1: the force acting on the blade per unit width [N/m];

F2: the reaction force on the blade per unit width [N/m].

A more extended discussion of the turbine design and management criteria can be
found in [8-11].

3. Case study: Acqua dei Corsari wastewater treatment plant

AMAP S.p.A. is responsible for the integrated water service in 35 municipalities of
the Metropolitan City of Palermo. The integrated water service also includes the transport
of wastewater, its treatment and disposal. The wastewater treatment plant named “Acqua
dei Corsari” covers an area of approximately 110 000 m? and is located at the south-east
end of the city of Palermo, at an average altitude of 10 m above sea level.
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In the plant, the wastewater treatment is divided in two different steps: water line 81
and sludge line. The first step includes the coarse and fine grilling processes, sands and 82
oils removal, primary sedimentation, the activated sludge process, final sedimentation 83
and disinfection. The second step includes the pre-thickening, the anaerobic sludge diges- 84

tion, the chemical conditioning and the sludge mechanical dewatering (Figure 2). 85
86
1. Grilling processes 6. Disinfection
2. Sands and oils removal 7. Pre-thickening
3. Primary sedimentation 8. Anaerobic sludge digestion
9 4. Activated sludge process 9. Chemical conditioning

5. Final sedimentation 10. Sludge mechanical dewatering
—

87
Figure 2. Acqua dei Corsari” WWTP plant. 88

At the present time the purification plant treats the wastewater produced by 320 000 89
equivalent habitants (EH) and is expected to increase up to approximately 400 000 EHin 90
two years. At present, the threated discharge Q is about 0.8 m3/s, but with the planned 91
increment, it should rise up to about 1.0 m%s. The water flow clarified from the disinfec- 92
tion channel (number 6 in Figure 2) crosses two rectangular weirs and reaches the dis- 93
charge channel after a small head jump /1 of about 3.5 meters. This discharge channel also 94
conveys the water by-passed by the sewage treatment in the case of heavy rain events. 95
AMAP S.p.A. wants to reduce the energy costs linked to the purification process by re- 96
covering energy from this head jump with the installation of a hydraulic turbine. 97

We investigated three different solutions: a commercial Kaplan turbine, a Cross-Flow 98
type turbine and a HPM. All these plants should be located in the area shown in Figure 2. 99

100

3.1. Kaplan turbine solution 101

For the commercial solution, we choose the turbine with the design parameters clos- 102
est to the required ones; namely a flow rate equal to 0.837 m?/s and a head drop equal to 103
3.75 m. The actual jump AHk = 3.75 m available for production is given by the difference 104
between the level Hi of the inlet channel (with respect to the bed of the discharge channel) 105
and the level Hz of the discharge channel, minus about 0.2 m of head losses Huosses estimated 106
in the suction pipe and in the butterfly valve respectively marked with 3 and 4 in Figure 107
4. The turbine (marked with 6) is put in a specific underground room downstream the 108
plant channel that should be constructed on purpose (marked 5 in Figure 3 and Figure 4). 109

In case of overflow, the exceeding discharge will bypass the turbine, and will reach 110
the discharge channel through the original rectangular weirs (red dashed arrows). Ob- 111
serve that it is possible to cut off the turbine, and restore the actual layout of the WWTP, 112
just by closing the butterfly valve marked with number 4. 113

114
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1. Inlet channel 4. Butterfly valve
2. Discharge channel 5. Underground room
3. Suction pipe 6. Kaplan turbine
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Figure 3. Planimetric view of Kaplan type turbine plant. 116
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Figure 4. Section view of Kaplan type turbine plant. 118

We observe in the technical data sheet of the model that the turbine attains the best 119
efficiency equal to 86.7% for a flow rate Q = 0.996 m?/s and a head drop AH=3.75m.In 120
the range of flow rates of the WWTP (0.8-1.0 m?/s) the efficiency reduction is lower than 121
1%. 122

3.2. Cross-flow turbine solution 123

Cross-flow type turbines could be implemented in the PRS version [5-7], almost in 124
the same position of the previous Kaplan turbine. PRS turbine has an efficiency usually 125
lower than the traditional Cross-Flow turbine (CFT), which has zero outflow pressure. For 126
this reason we preferred to allocate a CFT in the same underground room of the Kaplan, 127
with its axis above the level of the discharge channel in order to avoid any interaction 128
between the free surface flow in the channel and the turbine blades (Figure 6). This implies 129
a reduction of the net head drop AH. from 3.75 to 2.8 m, due also to head losses Hisses equal 130
to 0.2 m in the suction pipe and in the butterfly valve marked with 3 e 4 in Figure 5 and 131
Figure 6, respectively. Following the design criteria can be found in [3-7], we get diameter 132
D and width W equal to 0.83 m and 0.7 m respectively, for a rotational velocity w equal to 133
75 rpm. 134
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1. Inlet channel 4. Butterfly valve

2. Discharge channel 5. Underground room

3. Suction pipe 6. Cross-flow turbine

Figure 5. Planimetric view of Cross-flow type turbine plant

5 4 3 2 1

Figure 6. Section view of Cross-flow type turbine plant.
According to [12] we assume an efficiency up to 83%, for this solution.

3.3. HPM turbine solution

The use of HPM turbine requires a downstream water depth greater than zero, with
a water level H: equal to the level of the inlet channel bed plus a water depth k2= 0.75 m
(Figure 7). According to design and management criteria can be found in [8-11], the diam-
eter of the hub Drw is equal to AHu=2.75 m, the height of the blades is equal to h2, and the
outer diameter D is equal to 4.25 m, 10 diagonal blades were fixed on the hub [11]. For this
diameter and mass flow rate, the efficiency attains a maximum for an upstream velocity
v1 equal to 0.3 m/s, corresponding to a width of the wheel W equal to 0.76 m and an angu-
lar velocity equal to 7 [rpm]. HPM turbine is located in one of the two original rectangular
weirs of width We equal to 1 m, in order to to respect the ratio 1:1.3 between wheel width
and width of rectangular weir suggest in [8, 10]. In case of overflow, the exceeding dis-
charges crosses the other original rectangular weir to directly reach the discharge channel
(red dashed arrows in Figure 7).
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f 153

Figure 7. Planimetric and Section view of HPM plant. 154
According to [11] we assume an efficiency up to 80%, for this solution. 155

4. Cost/Benefit analysis 156
We split the costs in three main groups: 157

. Civil work costs: they include the cost for the required modification of the ex- 158

isting infrastructures: the upstream channel section for the HPM and the cost for excava- 159
tion and building of a specific underground room downstream the plant channel for 160

Kaplan and Cross-Flow type turbines. 161
. Machine costs: these include the cost of the turbine, the gearbox, electrical gen- 162
erator of the asynchronous type, belts if necessary. 163
. Control system and installation costs: these include the cost of control system 164
for regulation and management of the turbine, and cost of installation. 165
In Table 1 a summary of design parameters, efficiencies and costs for each energy 166
recovery plant is proposed. 167

168
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Table 1. Comparison of electrical energy recovery costs. 169
Parameters  Kaplan Cross-flow HPM
Design Head AH [m] 3.75 2.8 2.75
Design Flow rate Q [m?/s] 0.837 0.820 0.800
Hydraulic Efficiency 0.864 0.830 0.800*
Gearbox / belts / generator efficiency 0.887 0.887 0.870*
Global efficiency 0.766 0.736 0.696
Nominal Power (Pkectrical) [kW] 23.6 16.6 15.0
Civil works [€] 20 000 20 000 5000
Hydropower System [€] 165 000 50 000 55 900*
Control system and installation [€] 40 000 40 000 40 000*
Total (Ci) [€] 225000 110 000 100 900
Specific cost [€/kW installed] 9534 6 627 6727
Total producible energy [MWh] 186.912 131.472 118.800
Average cash flows (Cy) [€/year] 29700 20 891 18 877
Payback period (1) [year] 7.58 5.27 5.35
* According to [11]. 170
171

In compliance with the resolution n° 280/07, the Italian Regulatory Authority for En- 172
ergy, Networks and Environment (ARERA) sets guaranteed minimum prices pmws for the 173
sale of energy from renewable power generation. 174

For hydropower plants with a nominal power up to 1 MW and produced energy up 175
to 250 MWh/year, the guaranteed minimum prices pmwr for the 2022 is equal to 158.9 176
€/MWHh [13]. 177

Assuming the hydropower plant working 24 hours a day, 330 days a year, the total 178
producible energy over a typical year and the average cash flows for each solution are 179
calculated (Table 1). 180

With the known cost of investment Ci and the average cash flows Csfor each solution, 181
we can calculate the payback period ny for a preliminary estimation of amount of time it 182

takes to recover the cost of investments. 183
184
C;
ny=¢ [years] )
f

Cross-flow turbine plant is the solution with the shorter payback period (Table 1). A
more detailed cost analysis could also analyze the ordinary and extraordinary maintenance
costs, and also take into account the temporal variation of the money value.

Regarding the analysis of benefits, in Kaplan turbine the net available head jump is

the higher of the three solutions, but the water flow in the diffuser could reach negative
pressure with the risk of cavitation. This problem is not present in HPM and Cross-flow
turbines.
HPM and Cross-flow turbines are both much cheaper than the Kaplan one. Efficiency of
Cross-flow is higher than HPM. On the other hand, the HPM requires very little modifica-
tions of the existing infrastructure and it does not require a specific underground room like
the Kaplan and the Cross-Flow turbines.

HPM and cross-flow turbines represent a valuable choice due their constructive sim-
plicity with respect the Kaplan one. In Kaplan and Cross-flow turbine plants it is possible
to exclude the turbine and restore the actual layout of the plant in any moment, only by
closing a butterfly valve.

A brief summary and comparison of benefits for each solution is reported in Table 2
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Table 2. Benefit comparison of solutions.

Kaplan Cross-flow HPM

Net available head jump

Risk of cavitation

Payback period

Nominal power

Building a specific underground room
Constructive simplicity of the turbine

Possibility to exclude turbine and restore the actual
WWTP layout

N XX AX XA
CoAX XA AxX
> AAX QA%

5. Conclusions

In natural or artificial channels the best turbine for hydropower plants with low ultra-
low head jumps is usually deemed to be the Kaplan one. In the analyzed study case it is
shown the HPM or Cross-Flow turbines can also be an attractive alternative. Cross-Flow
turbines have also a very simple device for hydraulic regulation, while the Kaplan type
require the rotation of all the blades in the rotor and in the guide vane. The main ad-
vantage of the Kaplan turbine is the pressurized outflow, which allows the recovery of
the entire available head jump. In the present study allocation of the PRS type turbine has
not been investigated, but it could provide a competitive performance due to the same
advantage of the Kaplan pressurized outflow.
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