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Abstract. This study deals with the implementation of an analytical model 
to simulate the energy performance associated to a commercial Gas 
adsorption Heat Pump, when H2NG (Hydrogen Enriched Natural Gas) 
blends are used as fuel. In detail, a water source heat pump manufactured by 
Robur (GAHP-WS) has been used as a reference device for building the 
simulation model within the MATLAB-Simulink environment. Thereafter, 
the simulation results have been validated by the experimental campaign, 
testing on field and in actual operating conditions the heat pump. 
Specifically, the model has been developed by implementing the Water-
Ammonia mass and energy balances for each component. It is able to 
evaluate fuel consumption, efficiency in terms of GUE, required thermal 
power from the cold heat sink as well as the water outlet temperature at the 
evaporator, once the heating load is used as the main input. The experimental 
campaign for the model calibration and validation has been carried out over 
the winter season. Additionally, the heat pump performance has been 
detected when it operates to supply hot water at 60 °C and 55 °C, and it is 
fuelled with growing hydrogen fractions, starting from 0% vol., 5% vol. up 
to 10% vol. In the end, the standard errors as well as the relative ones 
affecting the main output parameters have computed for the validation 
process.  From the outcomes it emerges that the average relative standard 
error related to all load conditions is lower than 2.5% for natural gas 
operation.  On the contrary, it ranges between 2.5% and 4% when H2NG at 
5% and 10% by volume have been burnt. 

1 Introduction  

It is well-known how, in the short-medium term, Power-to-Gas (P2G) technologies 
application can effectively contribute to the energy systems’ decarbonisation pathway. 
Specifically, the renewable hydrogen production hailing from the electricity excess 
occurrence, and its cofiring with other fossil fuels, such as natural gas, offer new 
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opportunities. Indeed, the hydrogen enriched natural gas blends (H2NG) wide deployment 
allows, quite easily, to get the natural gas network greening targets by 2050. Adopting such 
a strategy, it is possible to exploit the existing infrastructures for storing hydrogen, reducing 
also the capital expenditure related to dedicated systems for its management. Therefore, a 
future energy context, in which hydrogen can be used by the most common end-users, is not 
so far. It is important to point out that P2G is one of the suitable options for figuring out all 
those issues related to the renewable capacity firming, as it can be found in literature [1,2]. 
Yet, the cost-effective hydrogen production has to be necessarily integrated in new energy 
scenarios. That approach imposes to rethink the previous energy model, allowing to analyse 
and implement the Smart mutual interactions between different sectors, as well as at different 
scale [3–5]. To do so, in recent years, the Smart Energy Systems concept was introduced by 
several academic authors [6–9]. Depending on the boundary conditions associated to each 
energy system, the hydrogen use can play marginal or key role in the next future. For instance, 
in NG-based countries the hydrogen injection within the pipelines represents a valid 
complementary strategy, together with DR (Demand Response) activities, to increase the 
RES (Renewable Energy Sources) fraction within the National Grids [10,11]. Having said 
this, the H2NG blends application entails to cope with several technical features associated 
to the NG distribution networks [12–14] and safety issues for both industrial and household 
appliances [15]. In the last decade, several research projects were carried out to explore which 
were the potential advantages and drawbacks for the most common commercial devices, 
hailing from the hydrogen blending [16–21]. Notwithstanding, from literature review it 
emerges that the research efforts were mainly focused on reciprocating internal combustion 
engines, on MGTs (Micro Gas Turbines) and on boilers behaviour, when they are fuelled 
with H2NG [22–25]. To the best of the authors knowledge, research projects dealing with 
Gas Adsorption Heat Pumps (GAHP), powered by hydrogen blends are missing. Therefore, 
the topic addressed in this paper can positively contribute to the knowledge in this field, 
representing in fact a novelty. GAHPs are generally characterised by lower conversion 
efficiency values compared to those related to electric Heat Pumps [26,27]. That technology 
was originally developed for providing chilled water, but its coefficient of performance 
barely is beyond 0.7, unless the multi-stage layout is adopted. Nevertheless, by the refrigerant 
cycle inversion the modern GAHPs are able to provide heat characterised by a COP higher 
than unity, close to 1.6 [28,29]. For that reason , they are typically suitable for buildings 
refurbishment interventions, where high supply water temperature is required [30]. Several 
research projects investigated on the possibility to integrate such machines with other  
renewable energy sources or thermal cascade [31,32] to improve the system overall 
efficiency and to reduce the primary fossil energy consumption.   
In the end, the aim of this paper is to investigate on how the hydrogen enrichment could affect 
the operation of a commercial GAHP, proposing an analytical model based on experimental 
data. The main findings have been presented here. 

2 Test rig description and methodology  

This study deals with the analytical model implementation of a commercial water source 
adsorption heat pump in order to simulate its energy performance. Specifically, the most 
relevant operating parameters have been computed when the heat pump is fuelled with H2NG 
blends. The reference device was manufactured by Robur Company (i.e. the GAHP-WS 
model), characterised by a rated thermal power output of 35.8 kW when the GAHP operates 
under typical conditions for its certification (i.e. supply water temperature equal to 65 °C, 
inlet water temperature at the evaporator equal to 10 °C). In such conditions the rated GUE 
is 1.42. The refrigerant/absorbent pair consists of a water/ammonia solution. Fig 1. depicts 
the GAHP functional scheme for heating purpose. 
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Fig. 1. Robur GAHP-WS operating scheme 
 
Referring to Figure 1, at state 1a the ammonia is in the vapor phase, it flows through the 
absorber, where it is diluted and then it is mixed with the weak solution coming from the 
generator (flow f). The weak solution is a mixture of water and ammonia where generally the 
water concentration is higher than the ammonia one. Within the absorber an exothermic 

3

E3S Web of Conferences 197, 08002 (2020)
75° National ATI Congress

https://doi.org/10.1051/e3sconf/202019708002



chemical reaction occurs, so that a heat release has to be removed.  To do so, a heat exchanger 
is installed in order to preheat the strong solution (i.e. from state i to the state c). By that 
recovery architecture the fuel consumption can be lowered increasing the heat pump 
efficiency. Downstream the absorber it is possible to notice a two-phase solution, which is 
characterised by a high temperature and therefore it is used for heat recovery. That recovery 
occurs within the pre-heater, where the two-phase solution is cooled down up to the saturation 
conditions, condensing also the remaining part of vapour. The solution pump increases the 
strong solution operating pressure (flow g), starting from the evaporator operating conditions. 
Thus, the liquid solution (from state h) passes through the rectifier where it is heated up (state 
i) and finally it moves to the absorber heat exchanger. In such a way, it is possible to condense 
out the residual humidity (state k) hailing from the generator at the state j. In so doing, pure 
ammonia leaves the rectifier towards the condenser (i.e state 2) so that the heat release to the 
end user can be completed.  The gas burner provides thermal energy for separating ammonia 
from water as much as possible. However, at state j ammonia is not yet completely pure. 
From the generator bottom-side, the weak solution at high pressure is delivered to an 
expansion valve in order to restore the right solution concentration within the absorber, to 
close the thermodynamic cycle. In regards of condenser, it worth of noticing that the 
ammonia vapour at state 2 is slightly superheated. Therefore, within the condenser sensible 
and latent heat has to be recovered to get the supply water temperature set point. Finally, an 
additional regenerative heat exchanger is used for cooling down ammonia downstream the 
condenser and to heat up the ammonia vapour leaving the evaporator. Obviously, in the 
evaporator a phase change occurs, extracting low grade heat from the water source which is 
connected to a renewable thermal power plant (i.e. PV/T).  
The experimental campaign has been carried out by testing the heat pump under actual 
operating conditions in heating mode. Those tests are referred to a time span equal to 5 
months over the winter season. The operating parameters have been collected by a virtual 
PLC and the sample time has been fixed equal to 15 minutes. That system is equipped with 
2 electronic 2-ways valves able to keep under control the flow rate values and to calculate 
also thermal power as well as the energy. Those devices were manufactured by Belimo and 
they have been installed in the end-user hydraulic loop as well as in the renewable one. The 
thermal load refers to a low efficiency building which is used as university laboratory. The 
HVAC system provides the inner space cooling and heating by means of an exchange coil 
operating with supply water temperature ranging in 50 °C and 60 °C. Therefore, the 
experimental campaign has been carried out having fixed two different set points, i.e. supply 
water temperatures equal to 60 °C and 55 °C. Moreover, H2NG blends have been used for 
powering the GAHP in both operating conditions, with varying the hydrogen fraction from 
0% vol. up to 10% vol. The required hydrogen is produced on site by an alkaline electrolyser.  
The electricity dedicated to the hydrogen production comes from the PV/T system located 
on the laboratory roof and from the national grid.  
The electrolyser capability is 1.15 Nm3/h which requires a specific consumption equal to 5 
kWh/Nm3. 

Table 1. Measurement equipment characteristics 

Components Range measurement Accuracy 
Bronkhorst H2  
mass flow rate metre 

0-1.5 Nm3/h ±0.5% RD plus ±0.1% FS 

Bronkhorst NG 
mass flow rate metre 

0-20 Nm3/h ±0.5% RD plus ±0.1% FS 

PT100 High temperature -60 + 600 °C ±0.3 °C @ 0 °C 
PT100 Low temperature -30 + 200 °C ±0.15 °C @ 0 °C 
O2 probe 0-25% vol. ±0.1 vol%
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The hydrogen produced is instantly used, avoiding storage devices, and it can be mixed with 
natural gas. The desired mixture composition is managed by the electrolyser PLC by means 
of 2 mass flow meters. Finally, the O2 concentration within the exhaust gas has been measured 
in order to calculate the relative equivalence ratio λ and for validating the simulation model.  
 

2.1 MATLAB-SIMULINK model  

The simulation model has been developed within the MATLAB-SIMULINK environment 
by implementing the mass and energy balance equations of all components, i.e. evaporator, 
absorber, generator, rectifier, condenser, preheater, internal heat exchanger, expansion valve 
and solution pump. The model has 6 main inputs: thermal power to be supplied to the end-
user, water mass flow rate and inlet water temperature to the evaporator (cold sink), water 
temperature and temperature drop required by the end-user (hot sink) and the relative 
equivalence ratio. Thus, it is able to evaluate fuel consumption, GUE, the thermal power 
required by the evaporator and the evaporator outlet water temperature. The GUE is defined 
as the supplied power to the end-user (Pload) divided by the consumed chemical power from 
fuel by the burner (Pfuel), as reported in Equation 1. 
 

GUE ൌ
୔ౢ౥౗ౚ

୔౜౫౛ౢ
        (1) 

 
In order to properly evaluate the unknown thermodynamic parameters, technical assumptions 
have been made referring to each component. Those value have been outlined in a systemic 
overview in Table 2. 
 
2.1.1 Evaporator 
 
The subtracted thermal power from the cold heat sink (Pcold source) can be computed as follows:  
 

P୲୦,ୡ୭୪ୢ ୱ୭୳୰ୡୣ ൌ ṁ୒ୌଷ ∗ l୦,୒ୌଷ      (2) 
 
where, the ammonia flow rate (ṁNH3) is calculated from the condenser heat balance, while 
the ammonia latent heat (lhNH3) is a function of the evaporator operating pressure (peva).  
Such a pressure can be calculated by the Antoine’s equation, which is dependent on the 
ammonia saturation temperature within the evaporator (T1), according to the Equation 3. 
Notwithstanding, the saturation temperature is unknown, and it can be assessed by the so-
called Ɛ-NTU method for the heat exchanger, as reported in Equation 4. 
 

ln pୣ୴ୟ ൌ 10.3279 െ
ଶଵଷଶ.ହ

୘భିଷଶ.ଽ଼
     (3) 

 

Tଵ ൌ
୘౭,౛౬౗,౥౫౪ି୘౭,౛౬౗,౟౤ ∗  ୣషొ౐౑౛౬౗

ሺଵି ୣషొ౐౑౛ ሻ
     (4) 

 

NTUୣ୴ୟ ൌ
୙୅౛౬౗

ṁ౭,౛౬౗∗େ୮౭ 
      (5) 

 
 
Once peva e T1 are determined, the specific enthalpy value at the state 1 (h1) can be deduced. 
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Table 2. Technical assumptions for calculations 

Components Parameters

Evaporator 
ṁw,eva [kg/s] Tw,eva,in [°C] 

UAeva 
[kW/K]

 
0.50 

from 
measurement

2.25 

Absorber 
Tsat [°C] ΔTc-f [°C]

  Tw,out + 5 
[33] 

5 

Generator 
Tgen [°C] 

ΔTgen,weak 

[°C]
ΔTgen,vap [°C] εexchange 

ηburner 
[%]

λ 

178 15 [34] 15 0.54 94 
from 

measurement 

Rectifier 
Trect [°C] 

ΔTrect,vap 
[°C]

yj 
 

76 [34] 20 [34] 0.96 [33] 

Condenser 
ΔTw,load [°C] 

ΔTcond, NH3 

[°C]
Pload 

UAcond 
[kW/K]

 

from 
measurement 

30 
from 

measurement
2.73 

Preheater 
Tw,out [°C] ΔTsub [°C] Tsat [°C]

 
55 or 60 5 

 Tw,out + 5 
[33] 

Internal heat 
exchanger 

ΔT1a-3 [°C] 
 

20 [34] 

Solution 
pump 

ηis,pump [%] ηmech [%]

 
60 [35] 98 [33] 

 
 
 
2.1.2 Absorber 
 
Strong and weak solutions concentrations are calculated by linear interpolation, since they 
are dependent on pressure and temperature according to the Othmer diagram related to the 
water-ammonia solution [36]. In detail, the strong solution concentration (xstrong) is correlated 
to the evaporator operating pressure (peva) as well as to the saturation temperature (Tsat), 
Similarly, the weak solution concentration (xweak) depends on the condenser pressure (pcond) 
and the generator temperature (Tgen). The mass balance to calculate both strong (ṁstrong) and 
weak (ṁweak) solution mass flow rate reads as:  
 

ṁୱ୲୰୭୬୥ ൌ
ṁొౄయ ሺ ଵି୶౭౛౗ౡሻ

ሺ୶౩౪౨౥౤ౝି୶౭౛౗ౡሻ
      (6) 

 
ṁ୵ୣୟ୩ ൌ ṁୱ୲୰୭୬୥ െ ṁ୒ୌଷ      (7) 

 
The temperature at the state c (Tc) is calculated by exploiting one of the technical assumptions 
according to the Equation 8: 
 

Tୡ ൌ T୤ െ ΔTୡି୤       (8) 
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where the temperature at the state f (Tf) is a function of weak solution concentration (xweak) 
and evaporator pressure (peva). Having said this, it can be determined by an empirical equation 
that has been found in literature [37]. 
 

Tሺp, xሻ ൌ T଴ ∑ a୧ሺ1 െ xሻ୫౟ ቂln ቀ
୮బ

୮
ቁቃ

୬౟

୧      (9) 

 
Finally, the two-phase solution enthalpy at the state a (ha) can be easily deduced by the energy 
balance equation (see Equation 10), once an adiabatic absorber has been assumed: 
 

hୟ ൌ
ṁొౄయ∗୦భ౗ାṁ౭౛౗ౡ∗୦౜ାṁ౩౪౨౥౤ౝ∗୦౟ିṁ౩౪౨౥౤ౝ∗୦ౙ

ṁ౩౪౨౥౤ౝ
     (10) 

 
Here, the specific enthalpy at the state c (hc) is a function of strong solution (xstrong) 
concentration and temperature Tc. Even in this case, numerical values can be calculated by 
an empirical correlation [37]. 
 

hሺT, xሻ ൌ h଴ ∑ a୧ ቀ
୘

୘బ
െ 1ቁ

୫౟
∗ x୬౟୧     (11) 

 
2.1.3 Generator 
 
The generator is characterised by a variable internal temperature a uniform temperature 
showing a vertical thermal gradient of 30 °C, approximately. The weak solution outlet 
temperature at the state d (Tgen,weak,out) and the vapour outlet temperature at the state j 
(Tgen,vap,out) read as follows: 
 

T୥ୣ୬,୵ୣୟ୩,୭୳୲ ൌ T୥ୣ୬ െ ΔT୥ୣ୬,୵ୣୟ୩     (12) 
 

T୥ୣ୬,୴ୟ୮,୭୳୲ ൌ T୥ୣ୬ െ ΔT୥ୣ୬,୴ୟ୮     (13) 
 
Once the weak solution outlet temperature and the concentration at the state d are known, the 
specific enthalpy (hd = hf) is calculated by Eq11. Differently, at the state j, the ammonia 
specific enthalpy (hj) refers to the vapor state, so that a further empirical correlation has been 
used  (see Equation 14) [37]. 
 

hሺT, yሻ ൌ h଴ ∑ a୧ ቀ1 െ
୘

୘బ
ቁ

୫౟
∗ ሺ1 െ yሻ

౤౟
ర୧     (14) 

 
In accordance with literature [34], it is reasonable to assume that the ammonia mass flow rate 
(ṁj), in the vapour state leaving the generator is characterised by a mass fraction equal to 
0.92  kg ammonia / kg solution . Thereafter, having fixed the heat exchanger effectiveness (εexchange), 
the energy supplied by the burner (Pfuel) can be determined by the Equation 15. 
 

P୤୳ୣ୪ ൌ
ṁౠ∗୦ౠାṁ౭౛౗ౡ ∗୦ౚିṁ౩౪౨౥౤ౝ∗୦ౙିṁౡ ∗୦ౡ

க౛౮ౙ౞౗౤ౝ౛∗஗ౘ౫౨౤౛౨
    (15) 

 
The exhaust gas mass flow rate (ṁexhaust) along with the fuel mass flow rate (ṁfuel) are 
calculated by the energy balance within the combustion chamber. 
 

ṁୣ୶୦ୟ୳ୱ୲ ൌ
୔౜౫౛ౢ

େ୮౛౮౞౗౫౩౪∗ൣ୘ౙ౥ౣౘି൫୘ౝ౛౤ାଵ଴൯൧
     (16) 
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Tୡ୭୫ୠ ൌ ൫T୥ୣ୬ ൅ 10൯ ൅
୐ୌ୚౜౫౛ౢ∗஗ౘ౫౨౤౛౨

ሺ஑౩౪∗஛ାଵሻ∗େ୮౛౮౞౗౫౩౪
    (17) 

 

ṁ୤୳ୣ୪ ൌ
୔౜౫౛ౢ

୐ୌ୚౜౫౛ౢ ∗ ஗ౘ౫౨౤౛౨
      (18) 

 
The specific heat at constant pressure of the exhaust gases (cp, exhaust) is calculated by the 
weighted average of the specific heat at constant pressure related to each combustion by-
product (cp,i ). For calculations, a simplified exhaust gas composition has been considered, 
where (wi) is the mass fraction and only H2O, CO2, N2 e O2 have been accounted for. In 
addition, the specific heat at constant pressure values have been calculated as a temperature 
dependent function by means of Langen binomial formula. 
 

c୮,ୣ୶୦ୟ୳ୱ୲ ൌ ∑ c୮,୧ ∗ w୧୧       (19) 
 

c୮.୧ ൌ a ൅ b ∗ TሺKሻ       (20) 
 
In the end, Table 3 summarises some of the most significant H2NG thermophysical properties 
when more hydrogen is added to the blend: the normal density, the Lower Heating Value by 
mass and by volume (LHVfuel) and the stoichiometric air to fuel ratio (αst). 
 

Table 3. Hydro methane blends thermophysical properties 

Hydrogen fraction 
by volume [%] 

ρ [kg/Nm3] LHVfuel [kj/kg] LHVfuel [kj/Nm3] αst [kg/kg] 

0% 0.7138 50,000.00 35,691.98 17.391 
5% 0.6826 50,467.32 34,449.45 17.504 

10% 0.6513 50,979.45 33,206.92 17.656 
 
 
2.1.4 Rectifier 
 
Within this component, the rectified flow composition (xk) is correlated to the condenser 
operating pressure (pcond) together with the rectifier temperature (Trect). As reported in the 
previous subsection 2.1.2, that values has been deduced by the use of the Othmer diagram 
[36]. Starting from the mass balance it is possible to calculate the rectified solution mass flow 
rate (ṁk) flowing back to the generator by the Equation 21. Then, the strong solution specific 
enthalpy value (hi) when it leaves the rectifier (i.e. the state i) can be deduced by rearranging 
the rectifier energy balance according to the Equation 22.  
 

ṁ୩ ൌ
ṁౠሺଵି୷౟ሻ

ሺଵି୶ౡሻ
       (21) 

 

h୧ ൌ
ṁౠ∗୦ౠିṁౡ∗୦ౡାṁ౩౪౨౥౤ౝ∗୦౞ିṁొౄయ∗୦మ

ṁ౩౪౨౥౤ౝ
     (22) 

 
It is important to point out that the specific enthalpy at the state 2 (h2) and k (hk) have been 
already determined by the Equation 14 (assuming y = 1) and the Equation 11, respectively. 
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2.1.5 Condenser 
 
The ammonia mass flow rate (ṁNH3) is immediately calculated starting from the thermal 
power, which is the first input for the GAHP model. The condenser energy balance takes into 
account both sensible and latent heat transfer, so that the ammonia mass flow rate reads as:  
 

ṁ୒ୌଷ ൌ
୔ౢ౥౗ౚ

൫ୡ౦,ొౄయ∗୼୘ౙ౥౤ౚ,ొౄయ൯ା୪౞,ొౄయ
      (23) 

 
The evaporator operating pressure (pcond) has been determined using the same approach 
which has been applied to the condenser. Indeed, (T3) can be evaluated by the Ɛ-NTU method 
and the operating pressure value comes out by manipulating the Antoine equation (see 
Equation 3).  
 

    Tଷ ൌ
୘౭,,౥౫౪ି୘౭,౦౨౛౞౛౗౪౛౨,౥౫౪∗ୣషొ౐౑ౙ౥౤ౚ

ሺଵି ୣషొ౐౑ౙ ሻ
     (24) 

 

NTUୡ୭୬ୢ ൌ
୙୅ౙ౥౤ౚ

ṁ౭,ౙ౥౤ౚ∗େ୮౭ 
      (25) 

 

ṁ୵,ୡ୭୬ୢ ൌ
୔ౢ౥౗ౚ

େ୮౭∗୼୘౭,ౢ౥౗ౚ
      (26) 

 
As a consequence, once pcond e T3 are known the ammonia specific enthalpy value (h3) 
downstream the condenser can be easily evaluated. 
 
2.1.6 Preheater 
 
The strong solution temperature at the state g (Tg) is defined as follows: 
 

T୥ ൌ Tୱୟ୲ െ ΔTୱ୳ୠ      (27) 
 
It is noteworthy that Tg and xstrong values are required in order to compute the specific enthalpy 
at the state g (hg) by means of the Equation 11. Thereafter, from the heat exchanger energy 
balance, referred to the cold side, the preheater outlet water temperature (Tw,preheater,out)  reads 
as: 
 

T୵,୮୰ୣ୦ୣୟ୲ୣ୰,୭୳୲ ൌ ൫T୵,୭୳୲ െ ΔT୵,୪୭ୟୢ൯ ൅
୕౩౥ౢ౫౪౟౥౤

େ୮౭∗ṁ౭,ౙ౥౤ౚ
   (28) 

 
Where the heat release from solution is calculated according to the Equation 29. 
 

Qୱ୭୪୳୲୧୭୬ ൌ ṁୱ୲୰୭୬୥ሺhୟ െ h୥ሻ     (29) 
 
2.1.7 Internal heat exchanger 
 
The regenerative heat exchanger is the counter-flow type and it has been modelled in 
adiabatic conditions. 
 

Tଵୟ ൌ Tଷ െ ΔTଵୟିଷ      (30) 
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Knowing the pressure value at the state 1a (i.e. p1a = pcond), along with the temperature one 
(T1a), it is possible to calculate the corresponding specific enthalpy value (h1a). Thus, the 
specific enthalpy at the state 3a (h3a) derives from the energy balance in accordance with the 
Equation 31. 
 

hଷୟ ൌ hଷ ൅ hଵ െ hଵୟ      (31) 
 
2.1.8 Expansion valve 
 
The expansion valve modelling it is very easy. Indeed, it is well known how the 
thermodynamic transformation can be considered isenthalpic. Having said this, the liquid 
pure ammonia flow, passing through the valve, it lowers its temperature and pressure from 
(pcond) up to (peva). Therefore, the ammonia inlet thermodynamic conditions to the evaporator 
are now completely determined.  
 
2.1.9 Solution pump 
 
Thermodynamic work associated the solution pump (Wsol,pump) is useful to evaluate the liquid 
strong solution specific enthalpy at the state h. To do so, the Equation 32 can be used, once 
some technical assumption on the isentropic and mechanical efficiency are made together 
with the strong solution specific volume (νsol) calculation. This latter is dependent on the 
mass fraction and it has been calculated by numerical fit reported in literature [37]. 
 

Wୱ୭୪,୮୳୫୮ ൌ
ఔೞ೚೗∗ṁ౩౪౨౥౤ౝሺ୮ౙ౥౤ౚି୮౛౬౗ሻ

஗౟౩,౦౫ౣ౦∗஗ౣ౛ౙ౞
     (32) 

 

3 Results and discussion 

The aim of this research project is to build and validate the GAHP mathematical model when 
that machine runs in actual operating conditions, and it is fuelled with unconventional 
gaseous fuels. The model validation process has been carried out collecting and filtering all 
of the time series data related to 4 output parameters: the outlet water temperature from the 
evaporator, the subtracted thermal power from cold heat sink, the fuel consumption and the 
GAHP efficiency in terms of GUE. By comparing the predicted values with the measured 
ones, relative standard errors and standard errors associated to those parameters have been 
computed for each set up.  Referring to Figures 2,3 and 4 it is possible to state that the average 
relative standard associated to Tout,evap is lower than 2.5% when the GAHP is fuelled with 
NG. It is worth of noticing that the depicted data in those charts correspond to different load 
conditions at the end-user side. On the contrary, it ranges between 2.5% and 3.96% when 
H2NG at 5% and 10% by volume of hydrogen fraction have been burnt. 

 

10

E3S Web of Conferences 197, 08002 (2020)
75° National ATI Congress

https://doi.org/10.1051/e3sconf/202019708002



 
Fig. 2. Measured vs. predicted values of outlet water temperature of evaporator: a) 0%vol. of H2 
fraction, supply water temperature equal to 55°C; b) 0% vol. of H2 fraction, supply water temperature 
equal to 60°C. 
 

 

 
Fig. 3. Measured vs. predicted values of outlet water temperature of evaporator: a) 5% vol. of H2 
fraction, supply water temperature equal to 55°C; b) 5% vol. of H2 fraction, supply water temperature 
equal to 60°C. 
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Fig. 4. Measured vs. predicted values of outlet water temperature of evaporator: a) 10% vol. of H2 
fraction, supply water temperature equal to 55°C; b) 10% vol. of H2 fraction, supply water temperature 
equal to 60°C. 
 

 

 
Fig. 5. Measured vs. predicted values of thermal power at the evaporator: a) 0% vol. of H2 fraction, 
supply water temperature equal to 55°C; b) 0% vol. of H2 fraction, supply water temperature equal to 
60°C. 
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Fig. 6. Measured vs. predicted values of thermal power at the evaporator: a) 5% vol. of H2 fraction, 
supply water temperature equal to 55°C; b) 5% vol. of H2 fraction, supply water temperature equal to 
60°C. 
 
 

 
Fig. 7. Measured vs. predicted values of thermal power at the evaporator: a) 10% vol. of H2 fraction, 
supply water temperature equal to 55°C; b) 10% vol. of H2 fraction, supply water temperature equal to 
60°C. 
 
 

In regards of subtracted power at the evaporator, Figures 5, 6 and 7 depict the validation 
results. Specifically, it possible to notice how the model fits quite well the measured data 
when NG is used. Indeed, the relative standard error is lower than 2.5%. Conversely, as the 
hydrogen fraction increases the relative standard error enhances as well, but it does not 
exceed 4%. This is due to the fact that the hydrogen addiction slightly rises the combustion 
temperature within the burner. Nevertheless, that effect is mitigated by the higher values of 
relative equivalence ratio (λ).  Consequently, the generator inner temperature (Tgen) increases 
as well, modifying the thermodynamic conditions at the rectifier. It entails that the ammonia 
vapour flow rate (ṁNH3) slightly decreases, so that both the condenser and evaporator energy 
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balance are affected by that behaviour. To mitigate the discrepancy between simulated and 
predicted data, a variable global heat transfer coefficient U, related to both heat exchangers 
(i.e. condenser and evaporator), should be implemented in the model. In so doing, calculated 
outputs by the Ɛ-NTU method application will fit better the measured parameters. 
Additionally, the subtracted power from cold heat sink is much more influenced by those 
issues. Indeed, an error associated to the saturation temperature within the evaporator (and 
consequently on peva) implies a different latent heat value, penalising the energy balance. 

 

 
Fig. 8. Measured vs. predicted GAS flow rate values: a) 0% vol. of H2 fraction, supply water 
temperature equal to 55°C; b) 0% vol. of H2 fraction, supply water temperature equal to 60°C. 
 
 

 
Fig. 9. Measured vs. predicted GAS flow rate values: a) 5% vol. of H2 fraction, supply water 
temperature equal to 55°C; b) 5% vol. of H2 fraction, supply water temperature equal to 60°C. 
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Fig. 10. Measured vs. predicted GAS flow rate values: a) 10% vol. of H2 fraction, supply water 
temperature equal to 55°C; b) 10% vol. of H2 fraction, supply water temperature equal to 60°C. 
 

 

 
Fig. 11. Measured vs. predicted GUE values: a) 0% vol. of H2 fraction, supply water temperature equal 
to 55°C; b) 0% vol. of H2 fraction, supply water temperature equal to 60°C. 
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Fig. 12. Measured vs. predicted GUE values: a) 5% vol. of H2 fraction, supply water temperature equal 
to 55°C; b) 5% vol. of H2 fraction, supply water temperature equal to 60°C. 
 

 
Fig. 13. Measured vs. predicted GUE values: a) 10% vol. of H2 fraction, supply water temperature 
equal to 55°C; b) 10% vol. of H2 fraction, supply water temperature equal to 60°C. 
 

Thus, Figures 8, 9 and 10 show the comparison between measured and predicted values
related to the fuel consumption. Feeding the GAHP by H2NG mixtures, the relative standard 
error is much more limited than in the previous cases. Anyway, the absolute standard errors 
on fuel consumption (which are summarised in Table 4.) are just above the instruments’ 
accuracy band. The quantitative analysis shows that the relative standard error is 3.9% when 
5% vol. of hydrogen fraction has been used. In detail, the model tends to overestimate the 
actual measurements. This is due to the fact that the latest experimental tests (with supply 
water temperature equal to 55 °C) were carried over the end of March and the beginning of 
April. The increase in the outdoor environmental temperature implies a slight air heating up 
within the combustion chamber, favouring the fuel flow rate reduction. The model structure 
does not account for the inlet air temperature (as shown in paragraph 2.1.3) and therefore the 
measurements are affected by error. In the end, Figures 11, 12 and 13 depict data sets related 
to the GAHP First Law Efficiency in terms of GUE, as defined in Equation 1. From the 
analytical point of view, the GUE is a as a ratio between two quantities. In the proposed 
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model, the numerator (Pload) is an input value for all operating conditions, therefore it cannot 
be affected by error. As a consequence, the unique parameter contributing to the error 
propagation is the denominator (Pfuel). For that reason, the GUE relative standard error is 
characterised by a hyperbolic trend depending on the fuel flow rate error. Indeed, the larger 
the fuel consumption standard error, the lower the GUE standard error is. Having said this, it 
is possible to understand why the highest relative standard error (i.e. 1.827%) has been 
registered when GAHP provides hot water at 55 °C and it is fuelled with H2NG at 5% vol. 
of hydrogen content. Table 4 shows the standard errors in absolute terms. Those ones can be 
compared to the band accuracy associated to each instrument reported in Table 1. 

 

Table 4. Standard error of the main outputs 

Parameters Tw,out,condenser 0% H2 5% H2 10% H2 

Tw,out,evaporator [°C] 
55 °C 0.276 0.411 0.433 

60 °C 0.169 0.345 0.351 

Pin,evaporator [kW] 
55 °C 0.124 0.238 0.244 

60 °C 0.122 0.225 0.165 

Gas flow rate [Nm3] 
55 °C 0.016 0.066 0.023 

60 °C 0.013 0.022 0.026 

GUE 
55 °C 0.017 0.024 0.021 

60 °C 0.012 0.014 0.011 

4 Conclusions 

In this paper the authors propose a numerical model to simulate the GAHP behaviour when 
it is fuelled with hydrogen enriched natural gas blends. The experimental campaign allowed 
on one hand to validate the MATLAB Simulink model, on the other hand to demonstrate the 
suitability of hydrogen use with commercial devices.  From data analysis emerges that no 
penalties and drawbacks occur. Then, the validation process shows how the model fits well 
the real data since the relative standard errors range between 0.82% and 2.46% for natural 
gas feeding case. Once growing hydrogen fractions are used, those errors on the estimated 
parameters varies between 0.82% and 3.97%. From an energy point of view, the hydrogen 
addition does not visibly influence the machine performance. This is due to the fact that the 
tested GAHP heat recovery architecture is not able to exploit latent heat by condensing out 
the exhaust gas water content. It is worth of noticing that the hydrogen cofiring with other 
fossil fuels allows to attain higher water concentration within the exhaust gases. Hence, in 
order to improve the GAHP efficiency, so as to fruitfully exploit the hydrogen benefits, new 
layouts should be analysed and developed. 
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Nomenclature 

P Thermal power [kW] 
p Pressure [bar]
ṁ Mass flow rate [kg/s] 
T Temperature [°C]
h Specific Enthalpy [kJ/kg] 

ΔT Temperature difference [°C] 
cp Specific heat at constant pressure [kJ/kgK] 
W Thermodynamic work [kW] 
x Ammonia molar fraction in liquid phase [% vol.] 
y Ammonia molar fraction in vapour phase [% vol.] 
w Mass fraction [% wt.] 

Pload End-user thermal load [kW] 
Pfuel Chemical power from fuel [kW] 
lh Latent heat [kJ/kg]
ρn Normal Density [kg/Nm3] 
ν Specific volume [m3/kg] 

εexchange Heat exchange efficiency 
ηburner Combustion efficiency 

λ Relative Equivalence Ratio 
ηis,pump Pump isentropic efficiency 
ηmech Pump mechanical efficiency 
αst Stoichiometric air to fuel ratio 

UA Global heat transfer coefficient [W/K] 
Subscripts 

w Water
in Inlet
out Outlet
sat Saturation
vap Vapour state
sub Subcooling

weak Weak solution
strong Strong solution

eva Evaporator
cond Condenser
rect Rectifier
gen Generator

exhaust Exhaust gases
sol Solution

Abbreviations and Acronyms 
GUE Gas Utilization Efficiency 
COP Coefficient of Performance 
PLC Programmable Logic Controller 

H2NG Hydrogen Enriched Natural Gas Blends 
HVAC Heating Ventilation and Air Conditioning 
NTU Number of Transfer Units 
LHV Lower Heating Value 
PV/T Hybrid solar collectors 

GAHP Gas Adsorption Heat Pump 
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