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1. Abstract
This paper provides an initial analysis of the “Hydrogen from the Sun” project in Northern Italy. The modeling and analysis work is being performed in conjunction with the International Energy Agency Hydrogen Implementing Agreement Annex 18 on Integrated Systems Evaluation. A library of Matlab/Simulink component models is used to model the system and evaluate the hydrogen project economics and production efficiencies. The simulation is guidance for optimization and control strategy design.  The hydrogen production system consists of an electrolyzer, a photo-voltaic (PV) collector, and a battery, linked to both a metal hydride (MH) and high pressure gas storage system. The hydrogen fuels a fuel cell, which powers an estate.  The analysis shows the effect of the different system components on the overall efficiency and cost of hydrogen.  

2. Introduction

This paper presents the preliminary background and analysis to a simulation of the “Hydrogen from the Sun” demonstration project located in Brunate, Italy.  The work is performed within the International Energy Agency (IEA) Hydrogen Implementing Agreement (HIA) on Integrated Systems (Annex 18) Subtask B: Demonstration Project Evaluations.  The general method adopted for  the projects analyzed is to gather  operational data from the demonstration systems with the Annex 18 member group, and design simulations using  analysis tools (such as Simulink and TRNSYS), to verify the models and investigate alternative designs.  In Annex 18, modeling tools are used to help guide, assess, and evaluate the overall design and performance of a variety of integrated hydrogen demonstration projects.  This paper focuses on the technical evaluation of an installation: “Idrogeno Dal Sole” or “Hydrogen from the Sun” and provides methodology on how to evaluate the performance of such demonstrations. Currently the site is in the development stages, so data from other installations is used to verify the model, with the plan of using actual operation data once available [1].  The available tools have been used to provide full analysis and guidance to various other systems: (1) an electrolyzer-based hydrogen refueling station in Reykjavik, Iceland, operated within the ECTOS project (Ecological City Transport System) (2) an integrated electrolyzer/metal hydride/fuel cell system in Takasago, Japan, located at Takasago Thermal Engineering Company and (3) an integrated renewable energy hydrogen system in Leicestershire, UK.  These projects were modeled using the Integrated System Simulator developed by Institutt for Energiteknikk, Norway, using the HYDROGEMS/TRNSYS platform. [2]
The main technical (and quantifiable) evaluation parameters considered in the evaluation of the demonstration systems are:

1. Energy efficiency (%)

2. System availability (hours/day)

3. Emissions (grams/day)

4. Costs ($/kg or kWh)

All of these parameters are dependent on the system design and operation, which makes the evaluation complex.  The general evaluation methodology adopted can be summarized as follows:

1. Obtain system design and operational data from existing demonstration plants

2. Verify models based on data obtained from physical installations

3. Model physical system based on common system simulation and modeling tools

4. Identify and improve shortcomings in data and models

5. Evaluate overall system performance using calibrated models

6. Recommend alternative designs and/or operation for selected demonstrations

The overall goal of the solar/hydrogen energy system analysis will be to study technical design and control issues related to an integrated PV/H2-system installed at a domestic house located in Northern Italy.  The main components of the hydrogen system which is currently being built are: 
1. Pressurized alkaline water electrolyzer (1 Nm3/h)

2. Hydrogen storage (90 Nm3 in gas cylinders and 30 Nm3 in MH-storage)

3. 5 kW PEM fuel cell.  

The electrolyzer will be connected indirectly to the PV-systems through a separate 48 V DC bus bar, because of the many different voltages of the various PV-systems already installed.  The simulation tools will be used to optimize the overall energy management system (i.e., power flow from PV to load, batteries, and electrolyzer).   The modeling tools developed will also be used to find optimal methods for hydrogen discharge from the MH-system using excess heat from the PEM fuel cell and/or solar domestic hot water (from solar collectors).  The main outcome of this study will be a conclusion on the feasibility to design and operate a domestic solar/hydrogen system that only makes use of solar energy (PV and solar thermal) and domestic utilities (e.g. tap water) in order to cover the electricity demand throughout the year, including winter months.

3. Technical System Design

The aim of this house, with regards to load management, is to operate independently from the electrical grid network.  There are various elements to the house operation.  The photovoltaic (PV) panels supply 11 kW at peak solar incidence; this is connected through a DC-to-DC converter and bus bar system to the 6.7 kW alkaline very high pressure electrolyzer (Table 1) which produces hydrogen at a rate of 1 Nm3/hr at 200 bar.  Therefore only the electrolyzer can operate and provide hydrogen to the storage system when the solar power is greater than 6.7 kW.  The load management system also controls the flow of the photo-voltaic power such that when the electrolyzer is not in operation the power can be transferred from the PV directly to the load.  The hydrogen produced by the electrolyzer is controlled by the flow management system.  The control strategy is based upon the desire that the metal hydride (MH) storage is the primary storage mechanism (Table 2, Table 3) and the pressurized tanks secondary, i.e. when hydrogen is produced it is stored first in the MH and second in the tanks. When hydrogen is required by the fuel cell it is transferred first from the MH and second from the tanks again.   The load, which is a private residence, is managed by the load management system, and is supplied by a 5kW polymer electrolyte membrane fuel cell (PEMFC), a 3000Ah battery and the PV when the electrolyzer is off (Figure 1) [3]. 
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Figure 1: Technical schematic of the components involved in the hydrogen house

	Technical Feature
	Value
	Unit

	Net Electrical Power
	6.7
	kW

	Voltage
	24
	V (DC)

	Hydrogen Production
	1
	Nm3/h

	Oxygen Production
	0.5
	Nm3/h

	Hydrogen Purity
	99.999
	%

	Hydrogen Pressure
	200
	Bar

	Electrolyte Quantity
	12
	l KOH

	Water Consumption
	0.9
	l/h


Table 1:  6.7kW very high pressure alkaline electrolyzer specification 
	Technical Feature
	Value 
	Unit 

	Absorption Capacity
	1
	Nm3/h

	Charge Pressure
	15
	Bar

	Charge Temperature
	Environmental
	K

	Desorption Capacity
	5
	Nm3/h

	Discharge pressure
	1.5 - 15
	Bar


Table 2: Metal Hydride model MHS30000MXHE specification

	Material
	% Composition
	Density (g/cm3)

	Mn
	45-50
	7.43

	Ti
	20-25
	4.5

	Zr
	10-15
	6.51

	V
	10-15
	5.8

	Fe
	2-5
	7.86

	Ni
	1-2.5
	8.9


Table 3: Percent composition and gravimetric density of the metal hydride

3.1  Site development – safety/construction issues

The planning phase of this project overcame safety and construction issues.  There was a lack of regulations within the region, with regards to hydrogen storage and power, Approval was sought from the Fire Brigade of the Province of Como.  Problems were experienced due to another private residence 28 meters from the hydrogen storage facility.  After discussions between developers and safety officials it was decided that the 15-meter limit established for similar types of facilities would be respected in this case.  The H2 pipeline from the storage facility to the 5kW fuel cell (located underground) was constructed of zinc coated steel material.  The hydrogen cabin was constructed, with approval from the fire brigade, with steel supporting pillars, fireproof sheet roofing and a boundary wall.  Within the cabin, separating walls were used for each section and metallic grid walls for safety and security.

4. Model Development

The design of the systems model must take into account the aims and objectives of the parties involved in this activity: Sandia National Laboratories, IEA Annex 18 and Idrogeno Dal Sole.  Firstly, IEA Annex 18 aims to use analysis tools to guide in the development of hydrogen demonstration systems and provide feedback in the form of “lessons learned” to other projects.  Sandia National Laboratories/California aims to analyze demonstration systems with regard to their economic and thermal efficiencies, looking specifically at the cost of the production of hydrogen per kg and the cost of electricity supplied per kilo-Watt–hour (kWh).  The specific aim of “Idrogeno Sal Sole” is to investigate the performance and applicability of metal hydride storage systems within the context of an integrated hydrogen demonstration project and the control systems that will be associated with this.  

The Sandia analysis approach is to create a library of hydrogen specific components within the Simulink platform and assemble the larger engineering models of the demonstration systems from these components.  Additional block-sets are created to provide economic analyses of the system.  The advantage of using the component based technique is that new block-sets can be created simply and other changes such as re-configuring and re-sizing components can be completed quickly.  Within Simulink there is also the capability to create a stand-alone system, i.e. the Simulink platform is not required and an independent unit can be created for the specific simulation with a Graphical User Interface (GUI).

4.1 Photo Voltaic Array Model
The PV model was based on a clear sky simulation [4] taking into account the geographical location and physical positioning of the panel over a set time period then calculates the solar incidence available power from this system (Figure 2).  The model is adjusted to account for days that could not be classified as “clear sky” i.e. a cloudy day.
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Figure 2: Power available from the PV panels over the period of a day (peak 11kW)

4.2  Electrolyzer Model
The electrolyzer model uses the mass and heat balance of the system combined with fundamental electrochemical calculations to output the electrolyzers H2 production performance during operation.  In this case, operation is dependant on the level of sunshine that day and long standby times could be encountered when the solar level is low.  The model uses the water phase change in the system and the purification of the output for hydrogen.  User input is the power available to the electrolyzer. The output includes the mass flow rate of the output stream, the current and voltage demands of the unit and the water demand.

4.3  Fuel Cell Model
The fuel cell model combines fundamental physics and chemistry (as in the electrolyzer model Section 4.2) with experimental data for the Voltage –Current (VI) performance curves to output a map of the operational range of the fuel cell.  There is no operational data yet from this site and the model uses data taken from a similar site (DTE Hydrogen Power Park [5]) scaled down to the 5kW size.  The fuel cell can respond to load changes; the input is the load required and output is waste heat data, hydrogen usage data, and waste fuel data (Figure 3).  
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Figure 3: Fuel Cell response to changing load profile
4.4  Storage Models
Because two types of hydrogen storage are being installed – high pressure tanks and metal hydride storage - two models have been developed.

4.4.1 High Pressure Tank Model
The storage tank models are based on the fundamental physics and fluid dynamics for a volume of gas, based on the real gas model where P = ZρRT; P = Pressure (Bar), R = gas constant = 8.314 J/molK, n = number of moles, ρ = density (g/cm3), T = temperature (K). Z = 1 +b1ρ+b2ρ2+b3ρ3+b4ρ4+b5ρ5+b6ρ6+b7ρ7 where b1=f1(T), b2=f2(T), b3=f3(T), b4=f4(T), b5=f5(T), b6=f6(T), b7=f7(T).  [6]
4.4.2 Metal Hydride Model 
The metal hydride model is based on the input H2 flow and output H2 demand of the unit.  Future work aims to add material electrochemistry into the metal hydride model design and fully utilize the waste heat information from the fuel cell in its discharge process.  Detailed analyses of other sites, in this case referring to the Takasago demonstration project, have shown that it is critical to understand the heat exchange mechanisms and kinetics of metal hydrides before designing fully integrated metal hydride systems, therefore this analysis can be based on the lessons learned there [7].
4.5   Battery Model
The battery is required to operate in various conditions: when the load is greater than the fuel cell peak supply power, the hydrogen storage is not sufficient to operate the fuel cell at peak supply/the load required or the fuel cell is not operational. The model must take account of these events and monitor the state of charge (SOC) of the battery over its operational period (Figure 4) to enable the developers to handle conditions where there could be a black-out of power.   This model is currently based on Peukert’s Equation for state of charge [6], where Cp = Ikt; Cp = battery capacity (Ah), I = discharge current (A), k = Peukert’s constant, t = time (h).  Peukerts constant was assumed to be ~1.2, which is average for a lead acid battery [8].
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Figure 4: Battery state of charge response to 1kW of power required for 11 hours

4.6   Control Systems

The control systems have different interlinked strategies for full management of the load and fuel (Figure 5).  The load management is based on strategic conditions; load is greater than available from fuel cell – select battery to buffer, insufficient hydrogen available from storage for PEMFC to supply load – select battery/PV; electrolyzer not connected  - PV power directed to load; signal alarm when battery SOC is less than required; heat from fuel cell directed to discharge MH.

The hydrogen management conditions also must be specified; select MH storage first for recharge and discharge; select tanks when MH storage is empty or no heat available from PEMFC for discharge; signal alarm when insufficient hydrogen to supply fuel cell.

The data acquisition (DAQ) system must monitor the data being obtained from all the components with regards to their current state of function, state of charge and power required from the load.   The DAQ must provide real-time feedback and analysis of the system such that varying situations can be encountered for by alteration of the control strategy.  The DAQ must also provide remote control operation and visualization tools.  

Currently the control systems are modeled using a simple “if-else” based strategy. The system is pseudo-steady state - it can move to different power and hydrogen production levels but the dynamics of this shift are not taken into account.    Further development, including the experimental data once the system is fully operational will require modeling the simulation dynamics. Therefore a more complex control system including a closed loop PI controller will be used.  
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Figure 5: Control system development flow-chart

5. Preliminary Analysis

The model predicts the cost of hydrogen from this electrolyzer system will be 11 $/kg and the electricity will be approximately 1.51 $/kWh (Table 4).  Economically, this system is not designed for commercial hydrogen production and is using a small electrolyzer (6.7kW) in comparison with commercial sizes of at least 200kW.  The capital cost of the electrolyzer was scaled using the DTE data (Section 4.3) with production rate to 0.6 power.  The O & M costs were estimated at 2% of the capital cost.  

	Contribution
	COH ($/kg-H2)

	Capital
	15.67

	Feedstock
	5

	O & M
	2.27

	TOTAL
	22.94


Table 4: Separation of hydrogen overall cost per kg into components

Without operational data the economic results cannot be verified, but the preliminary analysis has shown that the cost of H2 is consistent with the other demonstration systems investigated in Annex 18.  

6. Conclusions and Future Work

The demonstration project is currently in construction stages with the aim of being fully operation by May 2007.  The experimental and operational data will be input to the simulation as received and more realistic analysis can be achieved.  Once the actual system dynamics are measured, the component models will be developed further to simulate the responses and the control systems developed further to evaluate the response.   In conclusion the economics of the systems are consistent with that of a small demonstration system.  
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