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Abstract: The prompt increase of solid waste generation due to human activity requires new management
approaches. According to the World Bank, the world generates 2.1 billion tonnes of solid waste which is going
to increase to 3.4 billion by 2050. The health care waste constitutes a small fraction of the total solid waste
generated in the UK annually. However, the toxicity and the threat that this waste holds against patients and
environment calls the attention. A Gasification Integrated Fuel Cell solution (G-FC) is suitable to meet the
hospital energy demand and treat its waste. Offensive Solid Waste sample was collected and analysed, the waste
had GCV of 27.82 MJ/Kg. Gasification was simulated using Aspen Plus, and the product syngas had a 35% mole
of Hydrogen. A PEM fuel cell was experimented, and the result showed 36.7 % of efficiency at 0.48 W/cmz. The
overall efficiency of the G-FC was 28.6 %. The electricity and gas demand of Hillingdon were met by 79% and
48%, respectively.
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1. Introduction

The Hillingdon Hospitals (THH) are a trust joint between two Hospitals: Mount Vernon and
Hillingdon Hospitals. The 809 beds of THH provided different healthcare services for a half a
million patients last year (THH Foundation Trust, 2018, p. 11). THH contracted SRCL (Stericycle
Inc.) to operate their incinerator and in back to treat their clinical waste. Further, THH made
this attractive by allowing SRCL to treat clinical waste sources from other up to 8,000 tonnes
annually. 65% of the space heating demand was met last year by the generated steam of the
incineration process. Indeed, THH’s brilliant incinerator recovered heat from waste, but it
could not stop the energy bleed that the hospital is currently going through. The incinerator’s
design is outdated that is causing many unexpected shutdowns. Although, the environmental
performance dropped down causing concerns from environmental agencies.

THH’s Energy Performance Certificate showed G-170 score, which is the bottom worst score
that the scale can achieve. In fact, no energy saving measures would be feasible enough to
boost the energy performance up, except changing light bulbs for more efficient ones.
Demolishing and decomposing THH would be an extreme expensive solution which is already
put on hold for the last ten years. A Gasification fuel cell system will be a balanced solution
that will boost the energy performance of THH.

2. Healthcare Waste and selected input

According to the UK’s Department of Health, Health care waste is classified to clinical and
non-clinical wastes. Clinical waste can be defined as any waste that consists partially or
completely of human or animal tissues, blood or other body fluids, or any other waste arise



from general medical practices. The clinical waste can be infectious, Toxic, radioactive,
flammable and other hazardous threats. On the other hand, the non-clinical is municipal and
recyclables wastes.
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Figure 1: THH's Solid waste generation in 2018/2019

In 2018, THH generated 1881 tonnes of hazardous and non-hazardous solid waste. In which,
604 tonnes were clinical waste. Figure 1 shows the THH’s waste streams and quantity
generated in 2018/2019.

It is noticed that only 8% of the clinical waste which SRCL processes annually is
generated by THH. In 2018, 7600 tonnes were processed through the incinerator and this
quantity is selected as input for the G-FC system.

3. Offensive Waste; Sampling and Analysis

In order to recover energy from waste, it is an important design aspect to understand the
chemical and physical properties of the selected waste stream. THH team supplied an
offensive waste sample for analysis. The results, standards and methods which was followed

to determine the chemical composition of the sample is shown in Table 1.
Table 1: Results, Standards and methods. (*) notation is a value calculated by difference

Proximate Analysis (As received) wt.%
Determinant Method
Moisture and Volatile Matter 90.2
FC* 59 Moisture DD CEN/TS 15414:2010 and BS
EN ISO 18134: 2015
Ash 4.6 Volatile Matter | BS EN 15402:2011
Ultimate Analysis (As received) wt.% Ash BS EN 15403: 2011
Ash 4.6 Carbon,
Carbon, Hydrogen and Nitrogen 61.04 Hydrogen and | BSEN 15407:2011
Nitrogen
Oxygen* 18.5
Sulphur and Chloride 0.17 Sulphur BS EN 15408: 2011
HHV MJ/Kg 23.452 Chloride Wave Dispersive XRF
LHV MJ/Kg 21.598 Calorific Value BS EN 15400:2011

When gasification is done for a feed stock (Waste, RDF, SRF etc.) a higher Carbon and
Oxygen content in the feed stock will produce syngas with higher value of CO, and CO. It is
noticed that the feed stock has a high Volatile matter which lead for a higher tar content in
the syngas. The Higher is the content of Sulphur and Nitrogen, the higher will be the NO, and
So, emissions (Watson, et al., 2018). The heating value of this sample is higher in comparison



to other biowaste such as RDF and SRF, were the average heating value is recorded to be 14.8
and 13 MJ/Kg, respectively (Wagland, et al., 2011).
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Figure 2: Fluidized bed-plasma gasification flow sheet

4. Gasification Process
Aspen Plus is used to simulate two stages fluidized bed-plasma process. The parameters and
component ID are taken from the literature (Haydary, 2019, pp. 330-340) (Materazzi, 2017,
p. 112). RYield is used to decompose the non-conventional waste at temperature 120 C to its
basic elements. This reactor is used when the Yield distribution is known, and the reaction
stoichiometry and kinetics are unknown. The Basis yield is calculated using an external excel
spread sheet and copied to the RYield block to achieve the mass balance. Further, Ash is
assumed to be inert component. The input “feed” is the non-conventional waste stream and
it requires the Ultanal, Proxonal and Sulfanal analysis of the offensive waste analysis. Then,
the output stream is introduced to rigorous RGibbs reactor which operates at 800 degrees.
This reactor uses Gibbs free energy minimization with phase splitting to calculate equilibrium.
RGibbs does not require to specify the reaction stoichiometry. The equation governing this
equilibrium:
AG = —RTInKe

A Heat stream connects RYield and RGibbs reactors to simulate the heat reaction
associated to decomposition of waste in the gasification energy balance (Galeno, et al., 2011).
Tar is separated before entering the first stage of gasification and introduced directly to the
second stage RGibbs reactor to simulate the Tar cracking. Plasma convertor is simulated using
a heat exchanger block with temperature 1200 degrees (Materazzi, et al., 2016).The Products
of the first and second stages are mixed and introduced to an Ash separator. The syngas is
condensed to 150 degrees and the heat is recovered to produce steam for the first gasification
stage.

The water gas shift reaction is done in two stages at high and low temperature. The
reaction converts the CO to H2 with the help of catalyst. The reaction is giving by:

0 41.2k]
CO +H20 Ad H2 + COZ <AH298 = - mol )

The high temperature WGS reaction occurs at temperature 350 degrees using type catalyst
Fe/Cr. Afterward, the H2S is adsorbed using a guard bed packed with copper oxide/zinc
oxide/chromia catalyst as described by Byun el al. (2011) to avoid poisoning the low
temperature catalyst. The low temperature WGS reaction occurred at temperature 200
degrees using type catalyst Cu/Zn and this arrangement would increase the molar fraction by




17 % (Byun, et al., 2011). The product syngas is rich in Hydrogen, but it is not pure enough to
introduce to PEM fuel cell. The syngas is pressured to 8 bars and then introduced to Pressure
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Figure 3: Mole percentage of CO and H2 for different conditions
swing adsorption. The recovery output of the hydrogen is assumed to be 73 % as
experimentally done by Byun et al. (2011).

Sensitivity analysis is used to optimize the best operating conditions for the gasification
system. Figure 3 shows the mole percentage of the CO and H2 for different conditions. The
mole fraction of CO for a different Steam/Waste ratio and reactor temperatures decreases with
the increase of both steam/waste ratio and temperature of the gasifier reactor. The highest
mole percentage was 35.6% when the Oxygen/waste and Steam/Waste are 0.8 and 0.25,

respectively. These ratios fit this waste input since it has a high calorific and moisture contents.
Table 2: Simulation compared to other works

Stages This work Other works References
Input Waste ultimate and proximate Section 4.3.2 section 2.3 -
(Byun, et al., 2011, p. 320)
Gasifier Hydrogen mole fraction 0.35 0.35-0.37 (Materazzi, et al., 2014, p. 152)
Water Gas Shift mole fraction increase 0.12 0.17 (Byun, et al., 2011)
Pressure swing adsorption Hydrogen
recovery 73% 73% (Byun, et al., 2011)

Table 1Table 2 is compares this work’s results to other similar works. Finally, the
gasification system produces 73.3 Kg/hr or 10.1 mol/sec of Hydrogen when 7600 tonnes of
waste is processed annually. The gasification Fuel Efficiency is calculated using the following
equation:

Gasification Fuel Effici my, X LHVy,
astjyication rue wclency = —;
Mygste X LHVWaste

x100 %

The efficiency is 43.2% and this rate of production will be introduced to the PEM fuel cell to
produce electricity and heat.

5. Polarization Curve for PEM Fuel Cell
Fuel cells are electro-chemical convertors that convert the chemical energy of fuel directly to
electricity. PEM fuel cells consist of anode and cathode collector plats, electrodes and



membrane. The electrochemical conversion occurs at the surface of the catalyst or the active
area of the membrane. Hydrogen and oxygen are fed in the negative anode and positive
cathode sides of the fuel cell, respectively. Hydrogen Splits into protons and electrons.
Protons travel through the membrane and electrons travel through an external circuit to
provide useful power (Peighambardoust, et al., 2010). Anode and cathode chemical reactions
in the PEM fuel cell with Hydrogen fed in the anode are the following:

Anode Electrode: H, » 2H" + 2e~
Cathode Electrode: 0, + 4H* + 4e~ + 2H,0
Result overall reaction: 2H, + 0, — 2H,O€Error! Reference source not found.

The experimented membrane has the following model: Custom 5-layer MEA —N212 12
x 12 cm. The Anode and Cathode Catalyst is 0.3 mg/cm2 Ptc 40 % with an active area size 5 x
5cm.
The Hydrogen and Air/Oxygen mole flow were calculated at 25 Amps current using the
following equation (Barbir, 2013, p. 60):
- I

nxXF
The calculated flows are adjusted after, the single membrane testing station is

assembled. Figure 4 shows Polarization curve for the experimented PEM fuel cell and
temperature monitoring while testing.
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Figure 4: Polarization Curve and the Temperature monitoring during the experiment.

The power density for the experimented PEM fuel cell was 0.48 W/cm?. The gasification
system will produce 10.1 mol/s of Pure Hydrogen that will be fed in the PEM fuel system.
Assuming that 300 cm” of active area is in the market and produced, then 485 series cells will
produce the required voltage (230 Volt) for the same membrane characteristics. The current
densityis 1 A/cm?. If 13 stacks (each stack has 485 series cells) are connected in parallel, then
the power output will be 897 kW for the given Hydrogen Flow. The electrical Efficiency of the

PEM fuel cell was calculated using the following equation:

Pe x100%

LHV of Hyxmpy,
The Electrical Efficiency was 36.7 %. if assuming that the heat recovery efficiency is 25%,
then this equation will give overall efficiency:

Po+P
#XlOO%
LHV of HyXmpy,

The overall efficiency was 61.7%. The power output is analysed with respect to the last
two years average electricity and heat demand of THH.

NEtectrical =

Overall system ef ficiency =



6. Energy Savings

Figure 5 shows the electricity demand, gas demand and the energy output of the G-FC. It is
expected that the solution will meet the electricity and heat demands by 79 % and 48 %,
respectively. This will reduce the emissions and the Hospital will earn green points from
recovering this energy from waste. However, the grid electricity will still be there to support
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Figure 5: Electricity, gas demands and the energy output for the G-FC

and provide the rest of 21 %. The overall efficiency of the system is 28.6%, using the following:
P, + Py,
(Gasficiation + PEM) ef ficiency — X100 %
Mygste X HHVWaste

7. Conclusion

The Gasification Fuel cell system showed a very promising efficiency and energy savings. The
offensive waste sample showed a high energy and Hydro-carbon contents. If only THH clinical
waste was processed annually, less than 10% the energy demand will be met. Therefore, 7600
tonnes of clinical waste were chosen. The electricity and heat demand of the Hospital were
met by 79% and 48%, respectively. CO, Emission savings are achieved by the same
percentage.
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