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Executive summary 
 
The present deliverable D5.5 reports on the validation in Sense-City of the second version of Proteus 
system. The assembled system is described in D5.4. The lab calibration results are provided in D5.3.  
  
The deliverable summarizes the key features of Sense-City water loop, before describing the results 
achieved in Sense-City regarding to chemical sensing and to energy management.  
 

Relative to chemical sensing, the results show that the CNT sensors are responsive to chlorine, 

chloride and pH in the water loop:  

• pH sensitivity: the best sensitivity to pH is achieved with devices carrying polymer P2. Lowest 

error is 0.2 pH unit, and highest sensitivity 61mV/pH unit.  

• Chlorine sensitivity: In each caps, there are at least two or three devices which are sensitive to 

chlorine. Best sensitivity is around 63mV/mg/L of active chlorine. Noise at 21C is around 

0.02mg/L. At least one of the FF-UR devices appears consistently above-average sensitivity 

in the studied caps and all the pristine CNT devices always appear significantly below average 

sensitivity. The noise level depends of the temperature, 0.2mg/L at 26°C, 0.02mg/L at 21°C.  

• Chloride sensitivity: only the pristine CNT devices respond to chloride addition. Achieving 

stable response to chloride addition starts at least around 70mg/L.  

• Instantaneous response to chemical addition is observed for most devices sensitive to the 

target chemical, but response time until stability is of the order of 30min (minimum) to (usually) 

1h.   

• Sense-City data do not match well the lab data. It lets us suspect either settling or ageing 

effects in the caps, to be confirmed by later testing. 

Relative to energy management, results show that the power management unit is capable of 

maintaining a stable and regulated 0.9V output voltage independent of the input voltage supplied by a 

supercapacitor which can be charged by a mix of two harvesters, namely a solar panel and water 

turbine. In particular, using only the latter one and under low water flow rate (0.1m/s), the energy 

system is capable of delivering a peak current of 0.6 mA. At such a low flow rate, it corresponds to a 

charging duration for a 100mF supercapacitor of around 17 hours and to only 3min operation of the 

PNODE CMOS AFE. This result suggests targeting the use of the water flow harvester to higher water 

flow configurations (actually usual in a lot of bigger cities) and to systematically maintain the use of 

solar harvesting capabilities.  
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1 Introduction  

The following deliverable displays the validation results in Sense-City for the second version of 

Proteus system.  

It thus completes the series of previous deliverables in the following manner:  

• D2.2: deliverable describing the design of the second and third versions of Proteus system.  

• D3.4: deliverable describing the fabrication and lab characterization results of the second 

version of Proteus sensor chip  

• D3.5: deliverable showing the lab results for the second version of Proteus CMOS chip (two 

subversions the chip) 

• D3.6: deliverable describing the assembly of the second version of Proteus capsule boards 

and the design of the second version of Proteus auxiliary boards (analog front end, power 

management unit, digital control & communication module…)   

• D4.2: deliverable describing the software upgrades and novelties between first and second 

version of Proteus system;  

• D5.4: deliverable describing the assembly of the second version of Proteus hardware (D3.4, 

D3.5, D3.6) and software (D4.2) building blocks into a system operational in Sense-City.  

• D5.3: deliverable describing the lab calibration results of the second version of Proteus 

system.  

 

A first section summarizes Sense-City water loop (including new features), a second section presents 

results on chemical sensing while a third section presents results on power management.  
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2 Proteus@Sense-City facility 

As a reminder of D5.4, Figure 1 shows an image of the deployment of 2 PNODES in Proteus@Sense-

City water loop while Figure 2 presents the deployment architecture. The data of up to 3 PNODE can 

be collected in real time on Arlequin SCADA and can then be exported to another data processing 

software.  

 

Figure 1: Two PNODE deployed in Sense-City loop, each connected to a CBOX 

 

Figure 2: Sense-City PNODE deployment schematics 
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3 Chemical sensing 

3.1 Data acquisition software 

The signal conditioning and filtering implemented in the Pnode software can be described, in a 

simplified way, by the average of the last N samples after the sensor has stabilized. This stabilization 

refers to a margin where the sensor value plus the noise will be contained. The number of samples 

and the margin can be fine-tuned in correspondence to the sensor characteristics. An example of 

“normal” sensor behaviour, stabilizing after it has been turned on, can be seen in Erreur ! Source du 

renvoi introuvable., where the stabilization margins are shown in red and the final sensor value in 

green. 

 

Figure 3: Example sensor stabilization (sensor value after filtering in green, stabilization margins in red) 

For a more detailed understanding of the Pnode filtering function a flowchart with its behaviour is 

depicted below, in Erreur ! Source du renvoi introuvable.. The number of samples was set to 20 

and the stabilization margin to 5%. 
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Figure 4: Pnode sensor filtering flowchart 
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3.2 Trial description 

Caps #1 and caps #4 were tested after the lab calibration reported in D5.3. Caps #6 was tested 

without preliminary lab trial.  

The following table presents the series of experiments carried out:  

Step Nature of test1 Start date End date Caps under test 

1 Temp setpoint 15°C 
14/09/2017 
13:00 

14/09/2017 
15:00 

Pnode 1: caps #6 

2 

Conductivity increase - chloride increase 
(NaCl) 
+10 g NaCl 15h53 
+10g NacCl 16h25 
+10g NaCl 16h57 
+10 g NaCl 17h26 
+10g NacCl 17h58 
+10g NaCl 18h28 
+10g NacCl 19h11 
+20g NaCl 19h37 
+50g NaCl 20h07 

14/09/2017 
15:25 

14/09/2017 
20:07 

Pnode 1: caps #6 
Pnode 3: caps #4 

3 Temperature ramp overnight 
14/09/2017 
20:07 

15/09/2017 
09:26 

Pnode 1: caps #6 
Pnode 3: caps #4  

4 
Conductivity increase – chloride increase 
(NaCl) 
+50g NaCl 09h26 

15/09/2017 
09:26 

15/09/2017 
10:00 

Pnode 1: caps #6 
Pnode 3: caps #4  

5 

Flow rate increase at 1 bar pressure 
Initial condition 5m3/h 
8m3/h 10h00 
12m3/h 12h07 
18m3/h 12h55 
5m3/h 14h30 

15/09/2017 
10:00 

15/09/2017 
14:00 

Pnode 1: caps #6 
Pnode 3: caps #4  

6 
Pressure variation at 5m3/h flow rate 
2 bar 15h15 
1 bar 15h33 

15/09/2017 
14:30 

15/09/2017 
15:48 

Pnode 1: caps #6 
Pnode 3: caps #4 
Pnode 4: caps #1 

7 

Acidification followed by Chlorination  
(HCl 23% followed by NaOCl 3.6% addition) 
50 mL HCl 15h48 
50mL HCl 16h15 
50mL NaOCl 16h56 
50mL NaOCl 17h15 
50mL NaOCl 18h07 

15/09/2017 
15:48 

15/09/2017 
Pnode 1: caps #6 
Pnode 3: caps #4 
Pnode 4: caps #1 

                                                      

 

1 Regarding to chemicals, the masses or volumes mentioned here correspond to input of chemicals into the 

1000L tank of Proteus@Sense-City facility.  
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8 Free temperature over week end 
15/09/2017 
19:00 

18/09/2017 
09:25 

Pnode 1: caps #6 
Pnode 3: caps #4 
Pnode 4: caps #1 

9 Stop loop + emptying loop 
18/09/2017 
09:25 

18/09/2017 
10:00 

Pnode 1: caps #6 
Pnode 3: caps #4 
Pnode 4: caps #1 

10 
Filling loop with tap water 
Start temperature regulation again 

18/09/2017 
10:00 

18/09/2017 
11:00 

Pnode 1: caps #6 
Pnode 3: caps #4 
Pnode 4: caps #1 

11 

Chlorination testing  
(NaOCl 3.6% addition on tap water) 
stabilization 11h00 
25mL NaOCl 11h49 
25mL NaOCl 13h18 
25mL NaOCl 14h30 
15mL NaOCl 15h50 

18/09/2017 
11:00 

18/09/2017 
17:30 

Pnode 1: caps #6 
Pnode 3: caps #4 
Pnode 4: caps #1 

12 PNODE removal 
18/09/2017 
17:30  

Pnode 1: caps #6 
Pnode 3: caps #4 
Pnode 4: caps #1 
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3.3 Results 

For data processing, the method used is very similar to the approach described in details in 

deliverable D5.2 regarding to the first set of Sense-City trials.  

3.3.1  Temperature 

For temperature sensitivity, the data over the full duration of the essay of each caps are considered. 

The temperature sensors’ voltage outputs are plotted as a function of the temperature. The resulting 

trend is linear. Linear regression is used to yield the calibration relationship between sensor output 

and temperature. To estimate the error on temperature estimate, we apply the calibration coefficients 

to the sensor output and estimate the average (norm 2) error between actual temperature and 

temperature obtained using the sensor outputs.  

The calibration results for the temperature sensors of the three caps are as follows:   

  Calibration coefficients Correlation 

factor 

Average absolute error 

on calibration 

Caps #1 Temperature 1 V (mV)= 1.73T + 891 R² = 0.74 E=0.96°C±0.54°C 

 Temperature 2 V (mV)= 2.14T + 902  R² = 0.83 E=0.69°C±0.35°C 

Caps #4 Temperature 1 V (mV)= 2.06T + 887 R² = 0.90 E=1.25°C±0.89°C 

 Temperature 2 V (mV)= 2.02T + 916 R² = 0.59 E=1.36°C±0.14°C 

Caps #6 Temperature 1 V (mV)= 2.22T + 934 R² = 0.68 E=0.61°C±0.49°C 

 Temperature 2 V (mV)= 2.70T + 924 R² = 0.67 E=0.60°C±0.27°C 

The average slope is 2.15mV/°C±0.29mV/°C, that is, a relative standard deviation of 14%. This 

standard deviation is consistent with the standard deviations reported in commercial data sheet for 

pre-calibration sensors for IoT applications. The best (resp. average) error on temperature estimation 

post-calibration is E=0.60°C±0.27°C (resp. 0.91°C±0.30°C).   
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3.3.2  pH 

Two methods are used for pH calibration:  

1. Step-wise (traditional method): Study of the response of the caps to step-by-step addition of 

HCl (decrease of pH). Results available on caps #4 and #6.  

a. Steps are at least 30 min long, preferably over 1h for better stabilization of the devices 

(and lower noise). To automatize the processing, only the last eleven minutes of each 

step are considered, whichever the device or the caps under study.   

b. Each sensor output is denoised manually to remove data obviously far from average. 

Manual denoising is needed here because a relatively strong low frequency noise is 

observed in the data. This issue has been corrected since by a software fix on the 

AFE side (see D5.7) and will be applied in later trials and in the field deployment 

c. After denoising, the outputs of the sensors are averaged; standard deviation and 

relative standard deviation are derived. The averaged outputs are plotted against the 

parameters of interest and the calibration coefficients are derived by linear regression. 

For the low number of steps used here, 3, a correlation coefficient below 0.9 signifies 

a low sensitivity of the device under study to pH.   

d. The method may be biased by cross-sensitivity to Cl- addition, however, the 

concentration of Cl- is much lower than the expected sensitivity threshold for Cl- 

(typically 70mg/L, see section 3.3.4)  

2. Statistics-based: linear regression between sensor output and real-time pH data. Results 

available on caps #6 only.  

a. The full set of data is cleaned: removal of anomalous points and of data 

corresponding to fast-varying pH  

b. Linear regression between voltage ouptuts and pH is carried out. Considering the 

large amount of data, correlation factors above 0.5 indicates correlation of the sensor 

output to pH. Below 0.5, the correlation is weak.  

c. This method did not work for caps #1 & caps #4, probably because of strong noise 

(compared to the pH sensitivity) and/or longer response time (to pH variation).  

3.3.2.1  Caps #6 

Statistics approach 

 Calibration coefficients Correlation factor Average absolute error 

on calibration 

CNT1-R1 P2 V(mV)=50.2pH-241 R² = 0.74 E=0.20±0.19 

CNT1-R2 P2 V(mV)=57.2pH-231 R² = 0.59 E=0.26±0.26 

CNT1-R3 P2 dead    

CNT2-R1 CF-OX V(mV)=31.7pH-110 R²=0.54 E=0.34±0.38 

CNT3-R1 CF-OX V(mV)=29.0pH-76.3 R²=0.35 (weak) E=0.48±0.49 

CNT2-R2 Pristine V(mV)=9.56pH-22.7 R²=0.52 E=0.31±0.48 

CNT3-R2 Pristine V(mV)=12.4pH-33.4 R² = 0.55 E=0.29±0.39 

CNT2-R3 FF-UR dead   

CNT3-R3 FF-UR V(mV)=26.0pH-56.3 R²=0.35 (weak) E=0.44±0.38 

 



 

 

15 

Validation of second version of assembled Proteus system  

D5.1 

Step by step approach (3 pH levels achieved with HCl addition) 

 Calibration coefficients Correlation factor Average absolute error 

on calibration2 

CNT1-R1 P2 V(mV)=56.5pH-280 R² = 0.98 E=0.21±0.28 

CNT1-R2 P2 V(mV)=60.6pH-280 R² = 0.99 E=0.44±0.27 

CNT1-R3 P2 dead    

CNT2-R1 CF-OX V(mV)=45.4pH-216 R² = 1.00 E=0.31±0.30 

CNT3-R1 CF-OX V(mV)=31.5pH-120 R² = 0.80 (weak) E=0.88±0.53 

CNT2-R2 Pristine V(mV)=8.49pH-18.4 R² = 0.93 E=0.51±0.44 

CNT3-R2 Pristine V(mV)=17.3pH-71.1 R² = 0.99 E=0.31±0.28 

CNT2-R3 FF-UR dead   

CNT3-R3 FF-UR V(mV)=48.5pH-233 R² = 0.99  E=0.45±0.28 

Comparison between the two methods: Best device highlighted in green, other promising devices in 

yellow.   

 Correlation 

factor 

Step by step 

Avg abs error  

Step by step 

Correlation 

factor 

(statistics) 

Avg abs error 

(statistics) 

Discrepancy 

between 

sensitivities   

CNT1-R1 P2 R² = 0.98 E=0.21±0.28 R² = 0.74 E=0.20±0.19 13% 

CNT1-R2 P2 R² = 0.99 E=0.44±0.27 R² = 0.59 E=0.26±0.26 5.9% 

CNT2-R1 CF-OX R²=1.00 E=0.31±0.30 R² = 0.54 E=0.34±0.38 43% 

CNT3-R1 CF-OX R²=0.80 (weak) E=0.88±0.53 R²=0.35 

(weak) 

E=0.48±0.49 8.6% 

CNT2-R2 Pristine R²=0.93 E=0.51±0.44 R² = 0.52 E=0.31±0.48 -11% 

CNT3-R2 Pristine R² = 0.99 E=0.31±0.28 R² = 0.55 E=0.29±0.39 40% 

CNT3-R3 FF-UR R²=0.99  E=0.45±0.28 R²=0.35 

(weak) 

E=0.44±0.38 87% 

Conclusions 

• The best device for pH sensing is logically the one with lowest error, here CNT1-R1 (polymer 

P2, green highlight). Lowest error is 0.2pH unit, second best (yellow highlight) is 0.3pH unit.  

• The best sensitivity is 61mV/pH unit achieved with CNT1-R2 (polymer P2). Note that it is not 

the best device, as the overall error is higher (which depends on the noise level and the 

response time for each device).  

• The error by the statistics-method is comparable or lower than the error by the step-by-step 

error, very likely because one uses calibration coefficients calculated over a longer range of 

time. There are discrepancies regarding to the actual sensitivity coefficients derived by both 

method.   

                                                      

 

2 For comparaison purpose, the average error here is calculated using the calibration coefficients 
found on the step-by-step method, and applied to the same set of data used for the statistics 
approach.   
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• The statistics based approach enables to identify devices with low sensitivity better than the 

step by step approach: for instance, CNT3-R3 has a coefficient of correlation of 0.99 and a 

sensitivity of 26mV/pH by the step by step method, so is expected to be a good device for pH 

sensing, but its error is actually 0.45, so is actually quite bad as a pH sensor. On the contrary, 

the statistics approach detects this straightaway as the correlation coefficient is only 0.35.     

These results show that the non-traditional approach of calibration via the use of statistics over 

several days in realist conditions is promising. However, the approach requires further validation 

and a more settled strategy to clean up the data, as it is very sensitive to noise and to quick 

variations in the monitored parameters (because of unknown response times of the devices).   

3.3.2.2  Caps #4 

The caps #4 is calibrated using the HCl steps. The statistics method does not work due to the high 

level of noise and relatively high response time for this caps.   

Step by step method Calibration coefficients Correlation factor Noise estimate 

CNT1-R1 P2 V(mV)=14.7pH-43.9 R² = 0.96 4.7mV – 0.32 pH unit 

CNT1-R2 P2 V(mV)=10.1pH-24.1 R² = 0.93 3.1mV – 0.31 pH unit 

CNT1-R3 P2 V(mV)=9.14pH-13.6  R² = 0.91 3.7mV – 0.41 pH unit 

CNT2-R1 CF-OX V(mV)=6.97pH-4.24 R²=0.96 2.6mV – 0.37 pH unit 

CNT3-R1 CF-OX V(mV)= 45.2pH-216 R²=0.93  23mV – 0.51 pH unit 

CNT2-R2 Pristine V(mV)=1.78pH-6.30 R²=0.88  4.3mV – 2.4 pH unit 

CNT3-R2 Pristine V(mV)=1.31pH-9.53 R² = 0.51 (weak) 10mV – 7.6 pH unit 

CNT2-R3 FF-UR V(mV)=11.1pH-18.8 R² = 0.86 (weak) 8.5mV – 0.77 pH unit 

CNT3-R3 FF-UR V(mV)=8.23pH-13.4 R²=0.74 (weak) 4.8mV – 0.58 pH unit 

The “Noise estimate” column provides the standard deviation of the device voltage for all data 

between pH 7.45 and 7.59. This value, divided by the slope of the calibration curve, provides an 

estimate of smallest detectable pH variation. Best devices (CNT1-R1 and CNT1-R2, again with 

polymer P2) yield 0.3 pH unit. Best sensitivity is 15mV/pH unit.  

3.3.2.3  Synthesis 

In caps #4 and #6, the best sensitivity to pH is achieved with devices carrying polymer P2. Lowest 

error is respectively 0.3 and 0.2 pH unit, and highest sensitivity 15mV/pH unit and 61mV/pH unit.  

The statistics-based calibration method works well on caps #6, as the pH sensitivity is strong, but 

poorly on caps #4, as its sensitivity is too small compared to the noise level.  
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3.3.3  Chlorine 

Two batches of chlorine sensitivity tests were carried out following the step-wise method (see 

description above for HCl) using addition of bleach (NaOCl):  

1. Total chlorine increases between 0 and 5.4mg/L at pH between 6.52 and 6.55; almost no 

hypochlorite ions in solutions; at this pH, [total chlorine]≈[active chlorine].  Results only caps 

#4 and #6. 

2. Total chlorine increases between 0 and 3.2mg/L at pH between 7.23 and 7.7; at this pH, 

approx. equirepartition of HClO (active chlorine) and hypochlorite ions (ClO-) expected in 

solution; active chlorine between approx. 0 and 1.7mg/L. Results for caps#1, #4 and #6. 

In the rest, the abbreviation for [total chlorine] (resp. [active chlorine]) is TC (resp. AC), both of them 

always expressed in mg/L.  The calibration below can be given as a function of AC, especially in the 

case of pH>7.2. However, the linearity of the calibration is much better when the calibration is 

expressed as a function of TC than of AC.  

3.3.3.1  Caps #6 

Sensitivity analysis: The two tables below provide the calibration coefficients at low and high pH. The 

most sensitive devices are highlighted in green.  

pH<6.55. 26°C Calibration coefficients Correlation factor Noise estimate (TC) 

CNT1-R1 P2 V(mV)=16.2TC-89.4 R² = 0.98 12mV – 0.7mg/L 

CNT1-R2 P2 V(mV)=73.3TC-121 R² = 1.00 16mV – 0.2mg/L 

CNT1-R3 P2 dead    

CNT2-R1 CF-OX V(mV)=14.7TC-83.0 R²=0.99 8.9mV – 0.6mg/L 

CNT3-R1 CF-OX V(mV)=44.8TC-70.4 R²=0.95 9.1mV –0.2mg/L 

CNT2-R2 Pristine V(mV)=1.82TC-38.2 R²=0.97 2.1mV –1.2mg/L 

CNT3-R2 Pristine V(mV)=3.03TC-42.5 R² = 0.88 1.5mV – 0.5mg/L 

CNT2-R3 FF-UR Dead   

CNT3-R3 FF-UR V(mV)=31.4TC-80.1 R²=0.99 7.2mV – 0.2mg/L 

 

pH>7.2  

(3 days after; 21°C) 

Calibration coefficients Correlation factor Noise estimate 

CNT1-R1 P2 V(mV)=17.6TC-77.8 R² = 0.96 1.8mV –0.1mg/L 

CNT1-R2 P2 V(mV)=62.9TC-272 R² = 0.63 

Saturation effect 

6.7mV –0.1mg/L 

CNT1-R3 P2 dead    

CNT2-R1 CF-OX V(mV)=23.4TC-83.3 R² = 0.98 2.0mV –0.09mg/L 

CNT3-R1 CF-OX V(mV)=43.3TC-117 R² = 0.94 0.8mV – 0.02mg/L 

CNT2-R2 Pristine V(mV)=1.67TC-38.2 R² = 0.90 0.25mV – 0.1mg/L 

CNT3-R2 Pristine V(mV)=3.37TC-45.0 R² = 0.80 0.13mV – 0.04mg/L 

CNT2-R3 FF-UR Dead   

CNT3-R3 FF-UR V(mV)=57.0TC-103  R² = 0.87  1.4mV – 0.02mg/L 
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Comparison: The comparison between the two tables shows highly differentiated evolutions of the 

calibration coefficients between the two tests. Additional tests would be needed to differentiate 

between device ageing and the effect of a different pH and a different water temperature.  

Comparaison  Sensitivity change between test 1 

and test 2 

Offset change between test 1 and test 

2 

CNT1-R1 P2 +8,6% -13% 

CNT1-R2 P2 -14% +230% 

CNT2-R1 CF-OX +59% +0.36% 

CNT3-R1 CF-OX -3.3% +66% 

CNT2-R2 Pristine - 8% +0% 

CNT3-R2 Pristine +11% +5.9% 

CNT3-R3 FF-UR +82% +29% 

Instantaneous response: Figure 5 shows the response of device CNT2-R1 of caps #6 to chlorine 

addition during the second batch of chlorine addition. This figure suggests that, though the detection of 

chlorine addition is almost instantaneous, the stabilization time is of the order of 30min to 1h 

depending on the chlorine concentration.   

 

Figure 5: Raw and calibrated response of device CT2-R1 of caps #6 to chlorine addition at pH>7.2. The 

calibration coefficients used are the one listed in the table above: V(mV)=23.4TC-83.3 
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3.3.3.2  Caps #4 

Sensitivity analysis: The two tables below provide the calibration coefficients at low and high pH. The 

most sensitive devices are highlighted in green.  

pH<6.55. 26°C Calibration coefficients Correlation factor Noise estimate (TC) 

CNT1-R1 P2 V(mV)=5.03TC-54.0 R² = 0.98 4.0mV – 0.8mg/L 

CNT1-R2 P2 V(mV)=3.29TC-42.9 R² = 1.00 2.5mV – 0.8mg/L 

CNT1-R3 P2 V(mV)=3.21TC-47.3 R² = 1.00 6.5mV – 2.0mg/L 

CNT2-R1 CF-OX V(mV)=1.68TC-41.9 R²=1.00 2.4mV – 1.4mg/L 

CNT3-R1 CF-OX V(mV)=18.1TC-81.2 R²=0.98 7.0mV –0.4mg/L 

CNT2-R2 Pristine V(mV)=0.33TC-17.6 R²=0.80 0.68mV –2.1mg/L 

CNT3-R2 Pristine V(mV)=0.24TC-18.3 R² = 0.64 0.21mV –0.9mg/L 

CNT2-R3 FF-UR V(mV)=6.07TC-55.3 R²=1.00 2.6mV –0.4mg/L 

CNT3-R3 FF-UR V(mV)=1.64TC-42.2 R²=0.99 3.3mV –2,0mg/L 

 

pH>7.2  

(3 days after; 21°C) 

Calibration coefficients Correlation factor Noise estimate 

CNT1-R1 P2 V(mV)=11.6TC-61.5 R² = 0.92 0.35mV – 0.03mg/L 

CNT1-R2 P2 V(mV)=6.31TC-52.0 R² = 0.88 0.37mV – 0.06mg/L 

CNT1-R3 P2 V(mV)=8.09TC-52.7 R²=0.91 0.75mV – 0.09mg/L 

CNT2-R1 CF-OX V(mV)=5.50TC-51.9 R²=0.85 0.81mV –0.1mg/L 

CNT3-R1 CF-OX V(mV)=19.4TC-282.19 R²=0.72 0.39mV –0.02mg/L 

CNT2-R2 Pristine V(mV)=0.42TC-20.7 R² =0.60 0.088mV –0.2mg/L 

CNT3-R2 Pristine V(mV)=0.48TC-20.8 R²=0.64 0.15mV –0.3mg/L 

CNT2-R3 FF-UR V(mV)=12.7TC-67.0 R²=0.93 0.28mV –0.02mg/L 

CNT3-R3 FF-UR V(mV)=6.24TC-51.5  R² = 0.83  0.87mV – 0.1mg/L 

 

Comparaison  Sensitivity change between test 1 

and test 2 

Offset change between test 1 and test 

2 

CNT1-R1 P2 +230% +14% 

CNT1-R2 P2 +200% +21% 

CNT1-R3 P2 +250% +11% 

CNT2-R1 CF-OX +330% +24% 

CNT3-R1 CF-OX +1,7% +350% 

CNT2-R2 Pristine +130% +18% 

CNT3-R2 Pristine +200% +14% 

CNT2-R3 FF-UR +210% +21% 

CNT3-R3 FF-UR +380% +22% 
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3.3.3.3  Caps #1 

pH>7.2  

(3 days after; 21°C) 

Calibration coefficients Correlation factor Noise estimate 

CNT1-R1 P2 V(mV)=12.6TC-76.2 R² = 0.92 0.16mV – 0.01mg/L 

CNT1-R2 P2 V(mV)=3.70TC-52.2 R² = 0.79 0.75mV – 0.2mg/L 

CNT1-R3 P2 V(mV)=2.75TC-51.7 R²=0.85 0.32mV –0.1mg/L 

CNT2-R1 CF-OX V(mV)=2.28TC-51.7 R²=0.75 0.61mV –0.3mg/L 

CNT3-R1 CF-OX Dead   

CNT2-R2 Pristine Not sensitive   

CNT3-R2 Pristine Not sensitive   

CNT2-R3 FF-UR V(mV)=34.9TC-107 R²=0.92 1.1mV –0.03mg/L 

CNT3-R3 FF-UR dead   

3.3.3.4  Synthesis 

In each caps, there are at least two or three devices which are sensitive to chlorine. Best devices are  

• Caps #1: CNT2-R3 (FF-UR), 35mV/TC; then CNT1-R1 (P2), 13mV/TC 

• Caps #4: CNT3-R1 (CF-OX), 19mV/TC; then CNT2-R3 (FF-UR), 13mV/TC 

• Caps #6: CNT1-R2 (P2), 63mV/TC; then CNT3-R3 (FF-UR), 57mV/TC; then CNT3-R1 (CF-

OX), 43mv/TC 

In the three caps, at least one of the FF-UR devices appears consistently above-average sensitivity. 

All the pristine CNT devices always appear significantly below average sensitivity.   

The noise level depends (expectedly) of the temperature, 0.2mg/L at 26°C, 0.02mg/L at 21°C. 

Instantaneous response is observed for most devices, but response time until stability is of the order 

of 30min to 1h.   

The calibration coefficients and offsets change between the two tests, in a manner that strongly 

depends on the caps and on the device. Further diagnostics is needed to interpret these variations.  
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3.3.4  Chloride 

3.3.4.1  Caps #6 

The two devices with pristine CNTs in Caps #6 (and only these) feature clear instantaneous response 

to NaCl addition (see figure 6: each conductivity step corresponds to addition of NaCl by step of 

10mg/L).  

However, when considering the stable responses of all the devices (response for the 10 last minutes 

of each steps), no monotonic behavior could be observed for any of the devices in caps #6. It may be 

due to 1) the relative high level of noise in this test (caused notably by the relative short duration of 

each step); 2) the relatively low concentration of NaCl reached here (90mg/L, while concentrations 

tested in the lab go up to 250mg/L)   

 

Figure 6: Caps #6: Raw responses of device CNT2-R2 and CNT3-R2 (pristine CNT) to chloride addition. The time 
of chloride addition is shown by the time of the increase in conductivity  
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3.3.4.2  Caps #4 

In caps #4, similarly to caps #6, only the two devices with pristine CNT are responsive to chloride, 

from 70mg/L upward. The trend is consistent for the two devices, and may be linear (Figure 7).  

 

Figure 7: Caps #4: Average responses of devices CNT2-R2 and CNT3-R2 (pristine CNT) to each step of chloride 
addition.  
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3.3.5  Comparison to lab data 

The comparison with lab data is surprising (see Figure 8):  

• For caps #1, only the results in chlorine can be compared. The device outputs following 

chlorine addition are strongly decreasing in the lab for all devices, and significantly increasing 

in Sense-City.  

• For caps #4,  

o For pH, there are more pH-sensitive devices in Sense-City than in the lab. The trend 

is increasing instead of decreasing.  

o For chlorine, the trend goes in the same direction, but the most sensitive devices are 

not the same.  

o For chloride, there are less sensitive devices in Sense-City than in the lab. The 

sensitivity may be increased in Sense-City  

 
Figure 8: Comparison between lab and for caps #1 and #4  

Primary interpretation is an ageing effect of the devices, that is, a change of the sensitivity of the 

device with time. It is currently under study. Results however are not sufficient to conclude yet on this 

topic. For instance, one could simply observe here a settling phase (quick sensitivity evolution during 

sensor early life, before evolving to stable behavior).  

  

Caps #

type of 

function

Index of 

device

pH 

(mV/pH unit)

total 

chlorine  sensitivity 

(mV/mg/L)

chloride 

(up to 90mg/L) 

pH 

(variation 

1.6 pH unit)

total 

chlorine 

(variation 

5mg/L) 

chloride 

(variation 

250mg/L)

P2 polymer CNT1-R1 13 -22% -43% 42%

P2 polymer CNT1-R2 3,7 -19% -41% 29%

P2 polymer CNT1_R3 2,8 -20% -42% 30%

CF-OX CNT2_R1 2,3 no -20% no

CF-OX CNT3_R1 dead device

pristine CNT2_R2 no -16% -36% no

pristine CNT3_R2 no no -25% 30%

FF-UR CNT2_R3 35 no -25% 7%

FF-UR CNT3_R3 dead device

P2 polymer CNT1-R1 15 12 no -14% 5% no

P2 polymer CNT1-R2 10 6,3 no no 10% no

P2 polymer CNT1_R3 9,1 8,1 no -14% 7% 8%

CF-OX CNT2_R1 7 5,5 no no 4% 5%

CF-OX CNT3_R1 45 19 no no 9% 3%

pristine CNT2_R2 no 0,42 11% no 14% 8%

pristine CNT3_R2 no 0,48 6% no 14% 8%

FF-UR CNT2_R3 no 13 no no 6% no

FF-UR CNT3_R3 no 6,2 no -12% 2% no

P2 polymer CNT1-R1 57 18 no

P2 polymer CNT1-R2 61 63 no

P2 polymer CNT1_R3

CF-OX CNT2_R1 45 24 no

CF-OX CNT3_R1 no 43 no

pristine CNT2_R2 no 1,7 intermittent

pristine CNT3_R2 17 3,4 intermittent

FF-UR CNT2_R3

FF-UR CNT3_R3 49 57 no

No 

Sense-City 

data

Sense-city results Lab results

dead device

dead device

dead device

dead device

1

6

4

No lab data

No 

Sense-City 

data
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3.3.6  Synthesis  

The results are as follows:  

• pH sensitivity:  

o In caps #4 and #6, the best sensitivity to pH is achieved with devices carrying polymer 

P2. Lowest error is respectively 0.3 and 0.2 pH unit, and highest sensitivity 15mV/pH 

unit and 61mV/pH unit.  

o The statistics-based calibration method works well on caps #6, as the pH sensitivity is 

strong, but poorly on caps #4, as its sensitivity is too small compared to the noise 

level.  

• Chloride sensitivity:  

o In caps #4 and caps #6, only the 2 pristine CNT devices respond to chloride addition. 

o The response is instantaneous in both caps. However, stabilization takes tens of 

minutes.  

o In caps #6, no trend is observed on the stabilized values.  

o In caps #4, a clear increase (possibly linear) is observed from 70mg/L of chloride.  

• Chlorine sensitivity:  

o In each caps, there are at least two or three devices which are sensitive to chlorine. 

Best devices are (at pH>7.2) 

▪ Caps #1: CNT2-R3 (FF-UR), 35mV/TC; then CNT1-R1 (P2), 13mV/TC 

▪ Caps #4: CNT3-R1 (CF-OX), 19mV/TC; then CNT2-R3 (FF-UR), 13mV/TC 

▪ Caps #6: CNT1-R2 (P2), 63mV/TC; then CNT3-R3 (FF-UR), 57mV/TC; then 

CNT3-R1 (CF-OX), 43mv/TC 

o In the three caps, at least one of the FF-UR devices appears consistently above-

average sensitivity.  

o In the three caps, all the pristine CNT devices always appear significantly below 

average sensitivity.   

o The noise level depends of the temperature, 0.2mg/L at 26°C, 0.02mg/L at 21°C. 

o Instantaneous response is observed for most devices, but response time until stability 

is of the order of 30min to 1h.   

o The calibration coefficients and offsets change between the two sets of chlorine test, 

in a manner that strongly depends on the caps and on the device. Further diagnostics 

is needed to interpret these variations.  

Strong discrepancies between lab and Sense-City tests are observed, which have to be analyzed 

further. They may be due to either settling or ageing of the devices with exposure to water, to be 

confirmed by further tests.   
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4 Energy harvesting and power management unit  

In terms of energy harvesting, tests were carried in sense-city to demonstrate the charging capability 

of the water turbine based energy harvester (EH) and the compatibility between the EH and CMOS 

DC-DC power management unit.  

The setup used is depicted in Figure . The developed EH is based on a rotating turbine which delivers 

an AC triphase output. Therefore, a triphase rectifier is inserted before the CMOS DC-DC converter 

which delivers a regulated 0.9 V output voltage aimed to power supply the CMOS AFE chip. The 

integrated DC-DC converter is based in a switched capacitor topology, where a set of conversion 

states are automatically selected based on the input voltage level. Moreover, this DC-DC core is 

controlled by an asynchronous state machine (ASM) controller which defines the behaviour of the 

CMOS PMU unit. With the objective of accelerating the testing time in sense-city, smaller 

supercapacitors were used. However, this does not limit the relevance of validation of the solution 

since the charging behaviour of supercapacitors is well understood and predictable. 

 

Figure 8: Energy Harvester plus PROTEUS CMOS DC-DC test setup used in Sense-City.  

 

EnergyHarvester

(turbine)

Triphase Rectifier

DC-DC PROTEUS 

CMOS PMU
Load (R)

Water Pipe

Oscilloscope Datalogger PC

Sense-City
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Figure 9 shows the charging process of a 100 mF supercapacitor in a low flow rate operation. 

Following the prediction of the charging curve of the system would take more than 800 seconds (~13 

minutes) to achieve a voltage of 1.5 V on the supercapacitor. At the end of the charging phase, the 

system has accumulated 113 mJ of energy in the supercapacitor.  

 
Figure 9: Charging process of the Energy Harvester (experimental results in blue and estimated-predicted curve 

based on model).  

 

Figure 10 and Figure 11 show the output results obtained after the charging phase, when the DC-DC 

is turned on. They confirm the expected behaviour of the circuit, which is capable of maintaining a 

stable 0.9V output voltage independent of the input voltage supplied by the harvesters. To sustain this 

output the circuit changes the states, accordingly, as demonstrated on Figure 10 - Graph 4, depending 

on the level of the input voltage. Figure 10 - Graph 5 shows that the power efficiency lies between 60 

and 80% which is in line with the values obtained numerically during the design phase.  
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Figure 10: Output results of the energy harvester plus CMOS DC-DC at discharging phase. As the voltage at the 
supercapacitor varies (graph 1) the output voltage remains stable (graph 2 ) to a given load (graph 3 and 6). 

Graph 4 shows a quick transition between the different DC-DC states. Graph 5 shows the converter efficiency.  

 

Figure 11 shows the effect of having the harvester coupled to the system. For this run the 

supercapacitor was manually charged to approximately 1.5 V. The system could maintain a stable 

output voltage of 0.9 V for approximately 945 seconds at 100 µW of output power. This is an increase 

of 452 seconds (52%) comparing to what would be the case when no harvester exists. At around 900 

seconds, the water flow was reduced to steady water so the harvester was not able to generate any 

energy. Still, the system was able to keep its stable output voltage for some seconds. 



 

 

28 

Validation of second version of assembled Proteus system  

D5.1 

 
Figure 11: DC-DC operation comparing the test with and without Energy Harvester coupled. 

 

At a flow rate of 17.3 m3/h the energy harvester achieves an estimated value of 113 mJ in a 100mF 

supercapacitor. If a 500 mF supercapacitor is used, the energy stored would be 565 mJ after more 

than 66 minutes of charging operation. Depending on the operation tasks scheduled for the PNODE 

(considering the CMOS AFE chip and sensor biasing), this total charge would be enough for an 

estimated operating time not higher than 3 minutes (assuming an average of 75% power efficiency of 

the DC-DC converter for a constant load of 1 mW). To accommodate the radio communication digital 

part a bigger supercapacitor has to be used, with the corresponding increase of the charging time. 
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5 Synthesis and prospects 

Relative to chemical sensing, the results show that the CNT sensors are responsive to chlorine, 

chloride and pH in the water loop:  

• pH sensitivity: the best sensitivity to pH is achieved with devices carrying polymer P2. Lowest 

error is 0.2 pH unit, and highest sensitivity 61mV/pH unit.  

• Chlorine sensitivity: In each caps, there are at least two or three devices which are sensitive to 

chlorine. Best sensitivity is around 63mV/mg/L of active chlorine. Noise at 21C is around 

0.02mg/L. At least one of the FF-UR devices appears consistently above-average sensitivity 

in the studied caps and all the pristine CNT devices always appear significantly below average 

sensitivity. The noise level depends of the temperature, 0.2mg/L at 26°C, 0.02mg/L at 21°C.  

• Chloride sensitivity: only the pristine CNT devices respond to chloride addition. Achieving 

stable response to chloride addition starts at least around 70mg/L.  

• Instantaneous response to chemical addition is observed for most devices sensitive to the 

target chemical, but response time until stability is of the order of 30min (minimum) to (usually) 

1h.   

• Sense-City data do not match well the lab data. It lets us suspect either settling or ageing 

effects in the caps, to be confirmed by later testing. 

Based on these results, the next step consists clearly in building ageing model of the devices, to better 

understand how to get the most stable responses for the different devices and target analytes.   

Relative to energy management, results show that the power management unit is capable of 

maintaining a stable 0.9V output voltage independent of the varying input voltage supplied by the dual 

harvesters, namely a solar panel and water turbine. Under low water flow rate (0.1m/s), the energy 

system is capable of delivering only a maximum current of 0.6 mA, only sufficient for short time 

(minutes) operation of the CMOS AFE. It suggests targeting the use of the water turbine for water 

networks with significantly higher flow rate.  

 

 

 

 

 


